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Foreword 


7 JT OLUME 56 of the Transactions of The American Society of Mechanical 


Engineers contains the individual papers published during 1934 under 


a the sponsorship of the Society’s professional divisions, as well as the 1934 
- Record and Index. The technical papers and reports that make up this volume 
- represent the Society’s annual contribution to the permanent record of me- 
7 chanical-engineering achievement. Most of these papers and reports were pre- 
sented at meetings of the Society and of its professional divisions and local 


sections, and were published in twelve monthly issues. Other papers pub- 


lished by the Society but not included in the Transactions may be located by 
means of the Index on page RI-67 of the Record and Index which forms a 
part of this volume. 
All sections of the Transactions are bound together at the end of the year for 
_ the convenience of libraries and of engineers who wish all of the papers in 
permanent form. Copies of the bound Transactions will be found in deposi- 
| ae tories located in selected engineering, university, and public libraries through- 


out the world. A complete list of these depositories will be found on pages 


RI-63 to RI-66 of the Record and Index. Copies of the bound Transactions 


have also been set aside for sale. 


The Record and Index of the A.S.M.E. for 1954, which forms a part of these 


‘Transactions, is the permanent record of the Society's activities for the year. © 


= 

‘ 

memorial notices of deceased members, as well as indexes of special A.S.M.E. - eee 

publications and of Mechanical Engineering. 
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Mutual interference of wing and fuselage has been the 
subject of many previous investigations, but these have 
been ona very small scale. A comprehensive investigation 
into the case of a low-wing monoplane was thought to 
have important possibilities, especially as this type of air- 
plane was known to have some aerodynamical peculiari- 
ties. Ina preceding investigation it had been found that 
the addition of large fillets to the intersection of wing and 
fuselage would cause a great improvement and it was de- 
cided to extend these tests and to include the case of a 
high-wing monoplane for comparison. 


UMEROUS investigations have 
been made on the mutual inter- 
ference of wings and fuselages, but 
much of the preceding work has been done 
on a very small scale (ref. 1).2 It was 
thought that a comprehensive investiga- 
tion into the case of the low-wing mono- 
plane might be of importance, especially 
as this type of airplane was known to 
have some aerodynamical peculiarities. 
In a preceding investigation it had been 
found that the addition of large fillets to 
the wing-fuselage intersection would cause a great improve- 
ment; it was therefore decided to extend these tests and to in- 
clude the case of the high-wing monoplane for comparison. 

The model used for the investigation was a !/,-scale model of 
the Northrop “Alpha,” a Wasp-engined transport plane of 
approximately 5000 lb gross weight. The model had a span of 
7 ft and a length of 52in. The airfoil section was 18 per cent 
Clark-Y at the root and 12 per cent at the tip. The wing area 
of the model was 8.33 sq ft, and the root chord of the wing was 
16.67 in. The wing was mounted with reference to the fuselage 
as shown in Fig. 5. The model as used consisted of a wing and 
fuselage only. This model was presented to the laboratory by 
the Northrop Aircraft Corporation, a unit of United Aircraft and 
Transport Company. 


EXPERIMENTAL METHODS 


The investigation was carried on by two distinct methods. 
The set-up for force measurements was identical with that de- 
scribed in ref. 2, while in addition three combs of pitot tubes were 
mounted behind the model for exploration of the wake behind 
the wing. These combs can be seen in Fig. 1, and also some of the 
pitot tubes can be seen in Figs. 6 and 7. The total pressure 
orifices were made of !/;-in. brass tubing mounted on a steel tube. 
For static-pressure measurements, jackets containing side orifices 
were slipped over the total-pressure tubes. These tubes were 


1 Assistant Professor of Aeronautics, California Institute of Tech- 
nology. Mr. Klein received his B.S. from California Institute of 
Technology in 1921, M.S. in 1924, and Ph.D. in 1925. He was 
Teaching Fellow in Physics, California Institute of Technology, 
1921-1925; Research Fellow in Physics and in Aeronautics, 1927- 
1929; and has been Assistant Professor since 1929. 

2 See list of references at end of paper. 

Contributed by the Aeronautic Division and presented at the 
Pacific Coast Aeronautics Meeting, Berkeley, Calif., June 9 and 10, 
1932, of Tom AMERICAN Society OF MECHANICAL ENGINEERS. 
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connected to the multiple manometer, and aati were 
made of the wake distribution behind the set-up for various angles _ 
of attack. Records of the wake observations were made by © 
taking shadowgraphs of the manometer on ozalid paper. These 
records were then reduced by plotting curves showing the loss of 
total head as percentage of the total head in the free stream. 
Figs. 2, 3, and 10 show curves of this type, and also show the 
relative position of the model and the combs. The position of 
the stabilizer and elevator for each angle of attack is indicated on 
the curves. The fillets used in the investigation were built up 
from physicists’ soft wax, a compound of beeswax, Venice turpen- 
tine, and rosin, and modeled to templets. It was found that an 
almost glasslike surface could be given this wax by rubbing it 
with sandpaper dipped in kerosene. 


WakKE OBSERVATIONS 


Fig. 2 shows the wake losses behind the wing tested alone. 
Noting first the wake losses in row 1, it is seen that as the angle of 
attack increases, the center of the wake moves downward, as one | 
would expect. When the wing reaches an angle of attack of 15 _ 
deg, the center of the wake has reached its lowest point, near — : 
which it remains until the angle increases to 16.5 deg, after which | 
the wake moves noticeably upward. If one now looks at the 
force-measurement curves for the wing alone (Fig. 8), one sees 
that the angle for maximum lift is 16.5 deg. In row 2 the be- 
havior is similar to row 1; the downwash causes the wake to ch 


downward until the angle of maximum lift is reached, after which 
the wake moves upward. In the case of row 3 an anomaly | 
occurs; the downwash does not reach the maximum value at — 
16.5 deg, but continues to increase, and apparently stalling 
does not occur at this section of the wing until an angle of attack 
of approximately 20.5 deg is reached. The wake curves for small 
angles in rows 2 and 3 are omitted because the wake was smaller 
than the distance between the pitot tubes, so that no deductions 
could be drawn as to its magnitude and shape. 

Below on the same figure is a similar set of observations forthe 
model assembled as a low-wing monoplane with no fillet at the 
intersection between the wing and the fuselage. The maximum 
diameter of the fuselage was 9.5in. Pitot comb 1 was mounted 
approximately halfway betweem comb 2 and the wing tip. The 
positions of the stabilizer and elevator are drawn in on the suc- 
cessive curves. It will be noticed that the wake curves forrowl _ 
differ completely from those for the wing alone, while the wake 
curves in rows 2 and 8 are hardly distinguishable from those for 
the wing alone. The wake curves in row 1 are not only larger in 
area than those for the wing alone, but also the position of their 
center line indicates a much smaller downwash. It will be 
noticed that the center line of the wake never goes below the 
chord line, while for the case of the wing alone the center of the 
wake moves down below the chord line at small angles and — 
remains there. These two conditions represent the imiting 
cases of the present investigation, the wing alone giving ne 


condition for zero interference and the wing and fuselage with a 


fillet the case of maximum interference. 
Now consider the case of a fillet that partly remedies the inter- 
ference effect. Fig. 3 shows the wake distribution for what will 
be called the ‘‘wrong fillet.” Fig. 4 is a photograph of this et 
and its lines are shown in Fig. 5. In the case of the “wrong fillet, a 
the wake curves in row 1 are similar to those for the wing alone up 7 
to an angle of 6 deg, but at and above an angle of 9 deg the a. 
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Fic. 1 View or Mopet as a Hicu-W1na MonopuaNne IN THE TUNNEL 
(The three pitot-tube combs can be seen in the background.) 
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Fie. 2 Wake DistrisuTion BEnIND THE WING ALONE AND THE WING AND FuseLace Wits No Finer 
_ (The area between the vertical lines represents the energy lost.) 


a 

— 


in this row are similar to those for the wing and fuselage with no 

- fillet. The fact that this behavior is not observed at rows 2 and 3 
indicates once more that the effect is largely localized in the 
region of the intersection of wing and fuselage. The force- 
--- measurement curves (Fig. 8) discussed later show that at the 
angle of 7 deg something happens to the flow. The change in the 

flow pattern from the wing-alone type to the no-fillet type is 

- completely discontinuous. An observer watching the multiple 

- manometer when the model is set at this critical angle sees either 
one pattern or the other, and the change from one to the other is 
_sudden and complete. At this angle the manometer is in a very 

- unsteady condition. The smaller flow pattern for the downwash 
and the larger for the trailing vortex replace each other rapidly on 

the tubes. There are no intermediate stable states; either the 
manometer is showing one pattern or the other, or it is changing 

: rapidly. The method of watching the multiple manometer for 
the change in pattern was found to be extremely sensitive, as 


of improvements could be made and the critical angle checked 


visually with an accuracy of '/, deg. This made an exceedingly 
rapid method of observing the effect of modifications, as no 
i computations were necessary, and all that was needed was to 


start the tunnel and to run the model through a range of angles of 
attack. The critical angles obtained in this manner checked 
very accurately with the breaks in the polar, lift, and moment 
curves. Fig. 3 shows the wake curves for a fillet of the optimum 
type. The critical angle in this case was 15.7 deg. The lines of 
this fillet are shown in Fig. 5, and it is illustrated in Fig. 7 
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Fie. 4 THe Wrone Fittet No. 2 
(Note that the model is inverted and the pitot tubes can be seen in the 
background.) 
Force MEASUREMENTS 


The force measurements were made with the normal three- 
component set-up. The tests 
were run at a water head of 
39.24 cm, and as the root chord 
of the model was 42.35 em, the 


Reynolds number for the tests 
was approximately 2,100,000. 


The accuracy of the tests can 


be judged from the points 
shown on the enlarged section 
of the polar (Fig. 14). It is 
not believed that variations in 
the maximum-lift coefficient of 


q 
APART 


the order of 2 or 3 per cent are 


of any significance, as it was 
found that almost impercepti- 


ble changes in the surface con- 


Fic. Wake DISTRIBUTION BEHIND FILLET No. 2 


WRONG FILLET / dition of the model would cause 
NO.2. this much variation. This 
variation is in line with that 
found by the N.A.C.A. in large- 
7 | Before beginning the investi- 
gation on the effect of fillets, 
— = ment, tests were run of the 
wing alone. These _ results 
furnish a convenient basis for 
the subsequent discussion. 

Results of three component 

r= < q q 8. Considering the curves in 
OPTIMUM FILLET 103 the case of no fillet, it is ob- 
NOA ; served that at a Cz of 0.6 the 


(Wrone aNp Optimum FILuet No. 4 


polar starts breaking over 
sharply, the Cz against a-curve 
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Fic. 8 Normat Low-WING CoNnFIGURATION 


takes up a new slope, and the | | 
moment curve becomes irregu- [| 

lar. Now referring to the 
wake-loss diagrams, it is seen — 
that for an angle of 5 deg the TRUNNION — 
downwash is much smaller for 

the wing and fuselage than for 

the wing alone. The wing- st 

duced-drag parabola (aspect 53 A. 

of the wing-fuselage arrange- \ 
ment parallels the wing-only __| sme 
polar up toa Cz of 0.45, and si 

then starts deviating from it. 
If one attempts to fit an in- 
duced-drag polar to this curve 
in the region from a lift coeffi- Fig. 10 Wake D1acram For Optimum FILLtet D 


cient of 1.0 to 1.2, one needs ae 
an aspect ratio of approximately 2.5, or somewhat less than one- 
half the aspect ratio of the complete wing. This leads one to sus- 
pect that the wing is acting as two monoplanes separated by the 
fuselage and that there is a trailing vortex on each side of the 
fuselage. The wake diagrams lead one to the same conclusion, 
as from them one sees that the downwash is practically the 
same at rows 2 and 3 as for the wing alone, while in row 1 the 
downwash has practically disappeared for all positive angles. It 
will then be assumed as a working hypothesis that the foregoing is 


correct and that the interference corresponds to the breaking up 


of the horseshoe lifting vortex into two side-by-side horseshoe 
vortices. 

This aerodynamic picture enables one to account for the pe- 
culiar shapes of the various curves, and also shows why the 
minimum drag is not subject to much improvement. 

Three fillets were then tested to determine the best type. 
These fillets all had a radius of 15 per cent of the root chord. 
Fillet 1 was a uniform fillet of this radius throughout. Fillet 2 
(wrong) had a 15 per cent radius at the nose and tapered aft; 
its lines are shown in Fig. 5. Fillet 3 had a small nose and a 
radius of 15 per cent at the trailing edge, and was of the same type 
as the optimum fillet shown in Fig. 5. A photograph of fillet 3 
is shown in Fig. 6. All three of these fillets were a marked 
improvement over the unfilleted condition, fillet 3 having the 
greatest maximum lift and the greatest slope of its lift curve. 
As all of these fillets were a great improvement over no fillet, 
an elaborate program was undertaken to develop fillets of various 
types. It soon appeared that fillets 1 and 2 could not be much 
improved, while fillet 3 could be developed with considerable 
success. Numerous variations of this type were constructed, 
and the following rules were deduced from the tests: 
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1 Increasing the trailing-edge radius improves the maxi- 
mum lift and prevents induced-drag losses at medium- 
lift coefficients; excessive trailing-edge radii increase 
the drag 

2 Increasing the radius at the nose increases the drag and 
decreases the maximum lift 

3 The fillet should taper as uniformly as possible from the 
nose to the trailing edge, and its maximum size should 
be as close to the trailing edge as possible 

4 The fillet should be washed out smoothly to the fuselage. 


Fillet 4 is an optimum design of this type. Maximum lift has 
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fuselage intersection can be eliminated; it will be noticed on the 
polar that the profile drag is practically independent of the lift 
coefficient. It was found that, as in the case of the normal low- 
wing configuration, the radius at the nose should be a minimum. 


HicgH-WinG ConFIGURATION 


The model was next arranged as a high-wing airplane, the wing 
being mounted so that it had the same angle of incidence as in the 
case of the low wing and so that its trailing edge was just touching 
the fuselage. The curves for the high wing with no fillet and high 
wing with fillets are shown in Fig. 13. The fillet had quite a large 
trailing-edge radius (20 per cent) 
and was of the tapered type. 
The lift obtained with this fillet 
was the highest found, but was 
associated with a slight increase 
in drag. Fillets of intermediate 
radius and of various types, large 
at the front, small at the rear, 
constant radii, ete., caused very 
little change. The curves for 
_ | intermediate radii, and in fact 
i: for all of the other variations, 

| 


lie between the two curves men- 
tioned. The most remarkable 
point in this group is the be- 
havior of the polar of the no- 
[ fillet case in the vicinity of zero 
tH lift. It will be noticed that this 

; curve departs markedly from 
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Fic. 13 Curves ror Various CONFIGURATIONS 


been sacrificed for low drag, and it will be noticed that there is 
only a trace of the former ill effects of the fuselage. The wake 
diagrams for this fillet are shown in Fig. 3, and it will be noticed 
that the break in the downwash does not occur until over 15 deg, 
while in fillet 3 the break occurred at 10 deg. It will be noticed 
also that with fillet 4 the slope of the lift curve is steeper than the 
corresponding curves for the wing alone. This effect can be 
easily explained, as in this case the fuselage contributes some lift, 
and the coefficients are calculated neglecting this effect. 


Low-Wine ConFicuraTION, WinG LowERED 


It was suggested by an aircraft constructor that an investiga- 
tion of the case of a low-wing monoplane in which the wing 
passes entirely below the cabin floor would be of great interest. 
Accordingly, a block 2 in. thick was made and placed between the 
wing and the fuselage. This corresponded to lowering the wing 
1 ft at full seale. It was impossible to take any observations of 
the unfilleted condition for this arrangement. The first fillet 
put on in this configuration had a 20 per cent chord trailing-edge 
radius and had the nose of the wing faired forward and up to the 
fuselage. The results are plotted as fillet a in Fig. 9. Fillet b 
in the same figure corresponds to a similar fillet with the leading 
edge cut back. The fillet was then enlarged to 27.5 per cent 
trailing-edge radius and the nose was undercut still more. The 
lines of this fillet D are given in Fig. 5. Fillet D was found to be 
the optimum for this configuration. Fillet e was an endeavor to 
secure still greater improvement. The fillet was hollowed out by 
decreasing the radii in front of the trailing edge of the wing. 
This hoped-for improvement was not realized, but the curve is 
included in the figure. The curves for case D and for the wing 
alone illustrate how perfectly the pernicious effect of the wing- 
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the wing-only polar in the same 
manner, for negative angles, as 
does the low-wing no-filet polar 
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Fic. 14 COMPARISON OF VARIOUS CONFIGURATIONS IN THE HIGH- 
SpEED REGION SHOWING THE EXPERIMENTAL SCATTER 


at small positive angles. This illustrates the extreme sensitivity 
of the suction side of the wing. 


GENERAL Discussion 


It has been seen from the foregoing that the aerodynamic dis- 
advantages of the low-wing monoplane can be almost completely 
eliminated by proper design of the wing-fuselage intersection. 
The maximum-lift coefficient of the wing alone can be attained 
with either a high-wing or a low-wing configuration. The differ- 
ences in drag between the high wing and the normal low wing are 
inappreciable. 

In the case of the dropped low wing there is found to be some 
drag increase, but it is thought that this difference could be 
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reduced by further investigation. The size of the optimum fillet 
in the case of a low-wing design can be decreased by the following 
means: 


1 Making the fuselage small 

2 Keeping the distance of the trailing edge of the wing 
below the bottom of the fuselage small 

3 Using an airfoil of small top camber. 


The minimum drag of the fuselage-wing combination can be 
best decreased by making the fillet at the leading edge of the wing 
as small as possible. 

Buffeting. For the purposes of discussion, buffeting will be 
defined as follows: Buffeting is a violent shaking of the airplane 


and tail surfaces by aerodynamic forces at angles below the stall. 


Buffeting in this sense has been observed in the case of almost all 
low-wing monoplanes. If one considers the wake measurements 
and notices the critical angles, there is no difficulty in seeking 
what occurs. 

The buffeting seems to be due to these three causes: first, 
the lift over the center section of the wing disappears, causing a 
decrease in the total lift available; second, the wake jumps from 
one side of the stabilizer to the other; and third, the stabilizer is 
then in the trailing vortex formed at the side of the fuselage. 
The position of the stabilizer is indicated on each of the wake 
drawings. 

Mr. H. J. Steiger (ref. 4) has suggested that buffeting could be 


eliminated by cutting away the wing root and reducing the angle 


of attack at the fuselage. It is dubious if any such attempt would 


_ be satisfactory, as it would inevitably result in trailing vortices 
forming near the fuselage, and these vortices might cause a 


dangerous or uncomfortable tail vibration, in addition to their 
pernicious effect on the induced drag. It is easily seen that for a 


_ properly designed junction between the wing and the fuselage the 
_ lift must carry entirely across the span, since if there were no lift 


over that portion of the wing covered by the fuselage, the polar 
curve for the wing and fuselage would of necessity differ more 
from that of the wing alone than it actually does. 


ACKNOWLEDGMENTS 


The author wishes to acknowledge his gratitude to the entire 
staff of the laboratory for their assistance in performing the tests 
and in preparing this report. He is especially indebted to Dr. 
B. Millikan, Mr. W. H. Bowen, Mr. W. B. Oswald, and Mr. 
N. B. Moore for their efforts. 


REFERENCES 


1 Parkin, Klein, Coates, and Roberts, ‘‘The Interference Be- 
tween the Body and Wings of Aircraft,’’ Engineering Research 
Bulletin, University of Toronto, Bull. No. 8, 1928, Section No. 9. 
‘*The Influence of Superstructure on the Upper Surface of a Wing on 
Its Aerodynamics Characteristics,’ Transactions of the Central 
Aerohydrodynamic Institute, U.S.S.R., 86. Muttray, H., ‘‘In- 
vestigation of the Effect of the Fuselage on the Wing of a Low-Wing 
Monoplane,”’ N.A.C.A. Technical Memorandum 517, 1929 (from 
“Luftfahrtforschung,’’ June 11, 1928). Perring, W. G. A., and Cal- 
len, C., ‘Drag and Interference of a Nacelle When Installed on the 
Upper Surface of a Wing,”’ British Aeronautical Research Committee, 
Reports and Memoranda 1414 (1930). Ward, Kenneth E., ‘‘Inter- 
ference Effects and Drag of Struts on a Monoplane Wing,”’ N.A.C.A. 
Technical Note 365 (1931). Ryan, Wm. Carleton, and Wieben, 
Hermann C., “Effect of Fillets Between Wings and Fuselage,’’ New 
York University Report. Ober, Shatswell, ‘“‘Some Studies on the 
Aerodynamic Effect of the Gap Between Airplane Wings and Fuse- 
lages,’’ N.A.C.A. Technical Note 327 (1929). 

2 Clark B. Millikan and Arthur L. Klein, “Description and 
Calibration of 10-Ft Wind Tunnel at California Institute of Tech- 
nology.” 

3 R. F. Anderson, ‘‘The Aerodynamic Characteristics of Airfoils 
at Negative Angles of Attack,’’ N.A.C.A. Technical Note 412. 

4 H. J. Steiger, address before the Royal Aeronautical Society, 
April 7, 1932. 


= 


Discussion 


E. Ower.* The author’s results entirely confirm the ideas 
formed from some similar, although not so comprehensive, work 
for which the writer was responsible some time ago. An account 
of this work was given in a lecture read to the Royal Aeronautical 
Society in January, 1932,‘ and the writer thinks that the explana- 
tion he then put forward of the type of interference for which 
fillets are found to be beneficial is worth repeating. He suggested 
that this interference occurs when the air stream has to expand 
at more than a certain rate if it is to remain in contact with the 
body and wing surfaces. A certain rate of expansion can be 
tolerated, but if the surfaces diverge from one another too rapidly, 
the flow detaches itself from them and a region of turbulence is 
set up which leads to a loss of lift and an increase of drag. A 
well-known analogous case is that of the outlet cone of a venturi 
tube—if the angle of this cone is too great, it does not “run full;” 
that is, the flow breaks away from the walls, with the resulting 
loss of efficiency of reconversion of the kinetic energy into static 
pressure. 

This hypothesis was confirmed by the various tests made to 
investigate its truth, and it explains the author’s results with 
fillets. For in his case the geometry was such, as indeed it is in 
most practical body-wing combinations, that the rate of expan- 
sion increased progressively from the maximum camber of the 
wing toward the trailing edge. Hence, as the author found, the 
best fillet increases in radius toward the rear of the wing. The 
writer’s experiments were made with fillets of constant radius, 
but he did in fact predict that fillets of increasing radius toward 
the trailing edge would be preferable. The same line of reasoning 
indicates why fillets on the under surface of a high-wing combina- 
tion are found to have very little effect; the divergence between 
the surfaces of the body and the wing is much less in such a 
combination than it is in low-wing positions. Moreover, in the 
high-wing position the pressure gradient along the lower wing 
surface is such as slightly to assist the flow to adhere to the 
surfaces, whereas in the low-wing position the pressure gradient 
on the upper surface tends powerfully in the opposite direction. 

The author mentions the importance of preserving as far as 
possible the normal lift distribution along the span of the wing. 
This again agrees with views that the writer has expressed. 
This principle, together with that of avoiding regions of divergent 
flow, will be found to be of the utmost importance to the designer 
in his efforts to build high-performance aircraft. The designer 
is always more interested in direct proof than in speculation, and 
the author has provided such proof, whereas the writer, mainly 
through lack of time, was content to put forward ideas which 
needed corroboration by facts before they could be accepted with 
complete confidence. 


RicuarD M. Mock.® This is believed to be the most interest- 
ing piece of aerodynamic research in America published during 
1932, outside of that of the N.A.C.A. It is unfortunate that 
the tests were not made with a running model propeller, as it is 
possible and likely that the slipstream affects the flow around the 
fuselage and especially over the wing-fuselage intersection. There- 
fore it is believed that the comparative drag figures are some- 
what questionable. During take-off and climb with high angles 
of attack, the same would be true as affecting the lift coefficients, 


3 Aerodynamics Department, 
Teddington, Middlesex, England. 
4 See Jour. Royal Aero. Soc., 1932, vol. 36, p. 531. 


National Physical Laboratory’ 


Also, Reports 


and Memoranda no. 1480 of the Aeronautical Research Committee, 
E. Ower, “Some Aspects of the Mutual Interference Between Parts 
of Aircraft.” 

5 Aeronautical Engineer, A. H. G. Fokker, New York, N. Y. 
A.S.M.E. 
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while for landing the propeller effect is negligible. The compara- 
tive maximum lift coefficients, without propeller, are very valu- 
able, as this is applicable to the landing condition. 

The writer differs from the author regarding his comparison 
with the high-wing monoplane. The high-wing monoplane which 
he used as a comparison showed almost 6 per cent more maximum 
lift and about 3 to 4 per cent less drag than the best low-wing 
arrangement. However, the writer is under the impression that 
a high-wing design, rather than have the wing resting on top of 
the fuselage with its trailing edge just touching the fuselage, will 
have less drag if the wing is sunk into the fuselage, so that the 
top of the fuselage meets the top of the wing about one-third or 
one-half chord back from the wing leading edge and the com- 
bination is carefully filleted. The top of the fuselage might be 
lowered in front of the wing to allow a clean leading edge, and the 
portion of the fuselage above the rear portion of the wing might 
have fillets of very large radius. This should reduce the frontal 
area and the drag still below that of the combination used, and 
if the leading edge is carefully faired, should not affect the lift 
other than increase it by directing the flow from the fuselage 
over the upper surface. 

Regarding the best position for the low wing, it would be 
interesting to raise the wing, as on the Gee Bee racer, rather 
than lower it as was done. As the fuselage decreases in width 
near the bottom and the wing is cambered on top, a pocket 
or cavity is formed between upper surface of the wing, just in 
front of the trailing edge, and the lower surface of the fuselage. 
The air passing over the wing and over the fuselage must fill this 
pocket, causing eddies and consequently drag. Therefore it is 
logical that by fairing over this cavity, as the author has done, 
the drag of the combination will be reduced. This could also be 
done by raising the wing slightly to where the fuselage is wider 
and then using a fillet, and also perhaps by changing the fuselage 
cross-section slightly so that an excessive fillet will not be neces- 
sary. Another means would be to have the wing, in front view, 
curve upward at the root, meeting the fuselage side at a right angle. 

Of course, if the landing gear is attached to the wing, the wheel 
supports will be longer if the wing is raised. The increased 
length means slightly greater weight, and if the undercarriage is 
not retractable, the frontal area and consequently the drag will 
be increased. Lowering the wing from the optimum (filleted) 
low-wing position to the optimum (also filleted) dropped-wing 
position (Fig. 14) means an increase in drag of approximately 
17 per cent. With a fixed external landing gear, the two shorter 
wheel supports with the dropped-wing position might partially 
offset the increased wing-fuselage drag. With a fully retractable 
landing gear, the landing-gear resistance could be neglected, and 
only the best wing-fuselage arrangement considered, with the tail 
location and fillet varied to eliminate buffeting. 

The effect of lift-increasing trailing-edge flaps on buffeting 
would be interesting. 

The writer would appreciate having the author’s opinion of the 
meaning of the double curve near the maximum-lift coefficient of 
the dropped-wing combination with optimum fillet D. He also 
would appreciate an opinion of the double wake behind the 
fuselage at —5 deg, zero, and +5 deg for the same wing-fuselage 
combination. Another pilot combination between 1 and 2 and 
still within the stabilizer span would have been interesting. 
The writer would like to know the drag coefficient of the fuselage 
at the various angles of attack so that it can be added to the drag 
of the wing alone and compared with the drag of the combination. 


G. J. Kuzm.* The early investigations into body-wing inter- 
ference were, it is true, conducted at rather low values of Reyn- 


¢ Junior Research Physicist, National Research Council, Ottawa, 
Jun. A.S.M.E. 


olds’ number. However, they disclosed very interesting results, | 
particularly in the case of the low-wing monoplane, and certainly 
showed the need for further research at higher Reynolds’ number. 
In this connection, the present paper, together with an extensive 
series of experiments at the N.P.L. (R. & M. 1480 and R. & M. 
1300), form a valuable extension and show that the general 
conclusions reached in the earlier work still hold at much higher 
values of Reynolds’ numbers. When we consider all these 
researches together, we get a fairly accurate picture of the sub- 
ject. 

It is now definitely established that detrimental interference is 
due to burbling caused by an attempt to expand the airstream 
too rapidly in the angle between the side of the body and the 
surface of the wing. It is true that the presence of the body does 
change the lift grading of the wing and thus increases the induced 
drag, but unless this burbling occurs, this effect is very small. 
Actually the wings so modify the flow about the body that the 
body contributes appreciably to the total lift of the combination, 
and the resulting lift grading is not very different from the lift 
grading of the wing alone. 

For the foregoing reasons it is sufficient to confine this dis- 
cussion to the case where burbling occurs and to consider the 
factors involved. Obviously, the worst case would be a low-wing 
monoplane without fillets, having a highly cambered wing root 
and a body of small fineness ratio and of such a cross-sectional 
shape that the angle between the side of the body and the upper 
surface of the wing is small compared with 90 deg. This com- 
bination forms a pocket between the body and the wing near the 
trailing edge of the latter, into which the airstream cannot expand, 
even at the zero lift angle of attack of. the combination. In- 
creasing the angle of attack increases the difficulties in expanding 
the airstream, thus causing increased burbling. There are 
several methods of suppressing this burbling: 

(1) The wing can be raised to a higher position on the body to 
eliminate the pocket effect. 

(2) The body can be given flat sides, making an angle of 90 deg 
with the wing surface, as was done in the Schneider Trophy 
Racer S65. 

(3) A fillet of increasing radius toward the trailing edge can be 
employed, as was done in the present paper. 

In short, anything that eliminates this pocket effect over the 
useful range of angle of attack will result in a combination of 
body and wing that will be free of any undesirable interference 
effects. 

An interesting result brought out by the paper is that the ‘‘dou- 
ble stalls” found in the earlier work at low values of Reynolds’ 
number are still present at much higher values. Undoubtedly 
the recovery from the first stall is due to a decrease in the extent 
of the burbling caused by the downwash from the nose of the 
body. 

Probably the most important point brought out by the paper 
is that a properly designed low-wing ir acyeene i can be just as 
efficient as a high-wing monoplane. - 

AvuTuor’s CLOSURE 


Replying to Mr. Ower, the low-wing fillet described was a 
developed in our wind tunnel in May, 1931, and test-flown in 
June of the same year. The second Northrop Beta and all suc- 
ceeding Northrop ships have carried this device. The author 
agrees entirely with Mr. Ower’s statements as to the necessity of 
eliminating most of the expausion of the wing fuselage intersec- 
tion, as was first pointed out by Muttray (loc. cit.). 

Replying to Mr. Mock, as he says, it is unfortunate that the 
tests were not made with a running propeller. The laboratory 
has under development a fuselage, in which is included an elec- 
tric motor with complete dynamometer, for repeating the pre- 


> 
= 
= 
Te 
= 
= 
- e 
e & 
- 
7 
4 
~ = 
— 


3 


plane. 


it is not very probable that the discrepancies in drag between 


exceedingly extravagant of weight, 
to be encumbered with structural members which interfere with 
_ the free circulation of passengers or the stowing of freight. 


weight. 


ceding investigation with a slipstream. The model when finished 
will have the proper scale horsepower and the proper ratio of 
propeller diameter to span. However, the author does not believe 
that the drag differences will be large in the case with slipstream 
and without, as the laboratory has been rather successful in pre- 
dicting the performance and especially the high speed of the air- 
planes which it has tested. Ina paper by Drs. Th. von Karman 
and Clark B. Millikan’ there are described the methods used by 
this laboratory in estimating the performance of the actual air- 
Due to the successful checks which have been secured, 


power off and power on will be large. 
Since the investigation of the fillet was undertaken as an engi- 


— neering study rather than as a scientific investigation into the con- 


—— figurs ition for minimum drag of the wing and fuselage alone, we 


_ _ did not consider several of the cases mentioned by Mr. Mock, as 


the lowering of the wing in the case of a high-wing monoplane or 
the raising of it in the case of a low-wing monoplane would re- 
quire a larger fuselage in order to maintain the headroom in the 


43 cabin. 


The reduction in frontal area in the cases mentioned by Mr. 
Mock would be more apparent than real, as it would necessi- 
tate, if his suggestions were carried out, the enlarging of the fu- 
selage in order to accommodate the passengers or other loads. The 
raising of the wing any great distance was impossible in this par- 
ticular case as it would bring the floor level too high. The con- 
solidation of a stressed-skin wing into beams in order to enable the 
passengers to place their feet below the top surface of the wing is 
and it also causes the cabin 


The author does not believe that the position of the wing with 


_ reference to the fuselage is a vital matter, as what is gained in 
one place is lost in another. 


In the multimotor transport field 

There are two modern low-wing 
bimotor transports of the same power loading and span loading, 
one with the wing passing completely below the cabin floor and 
the other with the wing beams passing through the cabin. The 
airplane with the wing completely below the cabin floor is much 
faster, in the neighborhood of 25 mph, than its competitor. The 
difficulties of designing a retractable landing gear increase with 
at least the square of the length of the members as does also its 
The raising of a wing 6 in. or 8 in. farther above the 
ground will often make a satisfactory retractable landing gear 
almost impossible. The addition of lower surface flaps has 
been found in this laboratory to have no effect on the buffeting 
of a well-filleted airplane. The author believes that the double 


there is a very interesting case. 


: peak of the curve for the optimum fillet D is probably due either 
to asymmetries of the model or to asymmetries of the air stream. 


The model was known to have developed some aerodynamic twist. 
This twist raised the angle of attack of one side of the model above 
that of the other, and consequently one side stalled in advance of 
the other. This effect has also been found in the laboratory a 
number of times in rolling-moment tests. The author believes 
that the two peaks in the wake diagrams shown in Fig. 10, at 
—5 deg. and +5 deg, can be explained as follows: The upper 
one is probably the wake of the fuselage and the lower one that 
of the wing. When the downwash becomes large, the fuselage 
wake becomes merged into that of the wing. The drag coefficient 
of the fuselage has never been measured separately, so that Mr. 
Mock’s question on this point cannot be answered. 

Replying to Mr. G. J. Klein, he is completely correct in his 
statement as to the three methods of eliminating the burbling in 
7 Th. von Ka4rman and Clark B. Millikan, ‘‘The Use of the Wind 


Tunnel in Connection With Aircraft Design Problems,”’ Aeronautical 
Engineering, 1933. 


AE RONAUTICAL ENG INEERING 


AER-56-1 9 
the wing-fuselage intersection. However, in the case of a straight- 
sided fuselage, the burble is not completely absent. The author 
would like to cite Fig. 15 as evidence in this case. The results 
in this figure were obtained with the Douglas transport fuselage, 
which is straight-sided in the region in contact with the wing and 
for a considerable distance aft of the trailing edge. The wing 
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Fig. 15 Lirr anp DraG Potar CurRVES FOR THE CASE OF A Ft- 
SELAGE WING COMBINATION IN WHICH THE FUSELAGE Is STRAIGHT 
SIDED 


(Note: The separation in drag between the curves on the larger plot has 
been increased to permit satisfactory reproduction. The real separation 
is shown on the smaller plot.) 


section used in this transport is the N.A.C.A. 2215. This section 
is of only 15 per cent thickness, has a very small camber (2 per 
cent), and furthermore the point of maximum camber is only 
20 per cent aft from the leading edge. This wing has therefore 
probably the smallest top camber of any section in common 
use. 

Nevertheless, in the tests shown, the difference between fillet 
and no fillet is quite perceptible. The model was tested with tail 
surfaces but less nacelles. The separation between the two curves 
shown on the larger plot in the figure has been exaggerated in 
the region of low lift coefficient in order to enable the two curves 
to appear separately on the reproduction. The smaller plot 
shows the experimental points in their true separation. In the 
low drag region the addition of the fillet reduced the minimum 
drag for the model approximately 1.8 per cent and raised the 
maximum lift coefficient as shown from 1.27 to 1.34. For very 
high angles not shown in the plot, the curves cross each other, 
an effect the author is unable to explain, but at all usable angles 
of attack the filleted case is superior to that of the unfilleted. 

The discussion of why some of the lift curves have double 
peaks has been included in the reply to Mr. Mock. However, 
the double stalls in the other sense, i.e., of curves that come to a 
maximum and then go on to a further maximum, are apparently 
due to the local burbling of the wing in the center, while outboard 
portions of the wing do not stall as soon, but continue to work at 
larger and larger angles of attack. These restricted portions of 
the span can then go to larger lift coefficients, as it is well known 
that wings of small aspect ratio can reach larger lift coefficients 
than normal wings. It has been found in our laboratory that 
the characteristic sharp break in the lift curve can be explained as 
an effect of this kind. We always find the sharp break in un- 
tapered wings. Tapered wings usually show the rounding top 
which we think means that the center of the wing stalls before 
the outboard portions. Evidence for this can be seen in Fig. 2 
on the wake diagrams for the wing alone. In one very interesting 
case the laboratory found that this sharp drop-off of the lift 
curve was obtained with a tapered wing in which an auxiliary 


‘ 
= 
= 
} } 
| } 
| 
| | AO}, 
02 
pape 
> 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


airfoil was used only over a part of the center section. In this 
case the sharp drop in the lift curve was obtained, not only in 
the laboratory but also in flight, while the airplane without the 
auxiliary airfoil stalled in the more usual manner. We there- 
fore think that in this case the auxiliary airfoil held the flow on 
the center section to a higher lift coefficient than that which it 
, would normally reach, and when it stalled, the entire wing stalled 


Since the foregoing paper was written, two confirmations*® 
have been published of the results, and numerous airplanes have 
been designed and flown with these devices. 


8 Biechteler, Curt, ‘‘Versuche zur Beseitigung von Leitwerk- 
schutteln,” Z.F.M., vol. 24, no. 1, Jan. 14, 1933. 

*® Hood, Manley J. and White, James A., ‘‘Full-Scale Wind-Tunnel 
Research on Tail Buffeting and Wing-Fuselage Interference of a 
Low-Wing Monoplane,” Technical Note no. 460, May, 1933. 
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ld Ww in Pressure Pipe L 
ystems 
H. N. BOETCHER,' BALTIMORE, MD. 
Fusion welding has in these later years come to be an _ that this stress may be very high at starting conditions when a © - 
important method of making all types of joints in con- large amount of steam is suddenly admitted to a cold pipe line, 
struction work. The paper is confined to welding as it especially with heavy pipe walls. The third factor concerns © ; 
is done in the field on pipe lines to be operated under _ stresses resulting from axial expansion and contraction of the — a. 
high pressures and temperatures. Based on the author’s _ pipe on heating and cooling. This stress depends greatly on the _ 
tests and investigations, as well as on service experience skill of the designer and on conditions of space limitations. 
extending over many years and on published and un- The combination of pressure and temperature gradient effects : 
published data obtained elsewhere, it is indicated that a slight elastic expansion of the pipe, which in turn results in a 
oxyacetylene welding fills the requirements in regard to concentration of stresses at the inner surface. This concentra- 
soundness and adaptation to service conditions better tion grows rapidly with increasing wall thickness, and therefore 
than electric-arc welding, although it is not intended to necessitates the use of as thin a material as possible to avoid 
claim any superiority of gas over electric-arc welding. excessive stresses at the inner surface. In considering the 
stresses, it should be noted that the starting stresses caused by 
USION welding, which for many the temporarily high temperature gradient constitute repeated 
years has been looked upon as a stress peaks which may lead to fatigue conditions. Similarly, "] 
patch-up type of work for repairs or _ axial expansion and contraction exert fatigue stresses. 
for fixing up faulty castings, has during Inasmuch as both technical and economical considerations 
these later years come to be a quite im- demand the use of as thin-walled piping as it is safe to use, the 
portant method of making all types of weld must be such that uncertainty in regard to its quality does 
joints in construction work. Asfrequently not necessitate the use of thicker pipe metal. 
happens with quickly progressing methods, Turning to the welds, it is necessary to consider three phases: __ 
design features and technique have re- the properties of the welds, including the steel affected by the 
ceived more attention than the funda- welding; the stresses introduced by the welding; and the con- 
mental characteristics of welds. Even nection between the properties of the welded joint and the 
though many points to be brought out operating stresses. 
apply equally well to other types of welding work, this paper 
will be confined to welding as it is done in the field on pipe CHARACTERISTICS OF WELDS 
lines to be operated under high pressures and temperatures. Since the characteristics of a weld are largely determined by 
the welding method used, it is necessary to go somewhat into the 
; x Srresses IN PrPine metallurgy of welds. It has been pointed out often that a weld 
Since it is a fundamental principle of engineering that require- is nothing but a steel casting. Though this is true, there are 
ments should be closely correlated with the service stresses to certain important differences which make it possible to obtain 
which the equipment is subjected, a review of such stresses as the excellent properties associated with present-day welds. 
are present in piping is advisable. There are the methods of pouring in and puddling of the liquid 
The inner pressure results mainly in tensile stresses. The metal, factors depending on the type of welding. Furthermore, 
temperature gradient across the thickness of the metal causes only a small amount of metal is cast into a large more or less 
an additional stress, which is usually very small in a heat-insu- rigid metallic “mold” to which it firmly adheres, a fact which — 
lated pipe line under normal conditions. However, investiga- introduces hot and cold working on account of shrinkage taking — 
tions, some of which have been published recently, indicate place during cooling. This working is an important factor ie 
determining the properties of the weld. 
1 Assistant to Superintendent of Steam Stations, Consolidated Gas, : 
Electric Light, and Power Company of Baltimore. H. N. Boetcher OXYACETYLENE WELDS We 
Application of heat and the introduction of the welding metal 
in 1922. He was connected with Nordwest-deutsche Kraftwerke re separate functions in the oxyacetylene-welding process. 
A.G., formerly Siemens Elektrische Betriebe A.G., as assistant Since, therefore, the steel can be preheated to a temperature at 
the incon- which the surface is molten, it is not necessary to heat the rod 
n wi 
nection withthe operation of power Plans and transmison far above the melting point. The welder has complete 
and of a new power station. In 1924 he came to the United States. Comtrol over temperature conditions and the amount of metal to 
He has been connected with the Consolidated Company since early _ be fused in at any period of the operation. This control makes 
in 1925, working in connection with the operation of steam-power and _jt possible to work out slag and other impurities from the metal, a 


terials, especially metals. 
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more aids considerably in making welds in difficult positions, as 
overhead, and gives an experienced welder good control over _ 
penetration and fusion at the root of the weld. The constant = 
uniform heating, with the presence of a large amount of hot — : a 

metal at all periods of the welding, results in a gradual slow os 
cooling and in a homogeneous structure of the welding metal. . 7 


ONS OF TH 


Fig. 1 
Figs. 1 To 3 


(Fig. 1, extreme outside; Fig. 2, center; Fig. 3, root.) 


Only at the starting point of the weld the structure frequently 
is different, due to reheating of the first flowed-in metal and ac- 
celerated cooling of the finishing point. 

Figs. 1 to 3 show the microstructure of head welds which 
were used to fasten a plate to the dead end of a pipe. Excepting 
the immediate outside, the structure is uniform, showing fairly 
large regular grains and indicating a very low carbon content 
as a result of the burning out of carbon during welding. 


Fic. 4 Laps 1n OXYACETYLENE WELDS 


(a and b, laps caused by lack of care in remelting the surface; c, an extreme 
case.) 


Cross-SecTions OF 6-IN. STANDARD-PiPE OXYACETYLENE 
WELD 


(a, random transverse sections; 6, transverse section, top of pipe; c, trans- 
verse section, bottom of pipe; d, longitudinal section.) 


Fie. 5 


“Laps” in gas welds, though by no means unavoidable, are 
quite frequent. Fig. 4, in a and b, shows this condition, which 
is caused by lack of care in remelting the surface of solidified 
welding metal before more metal is fused on. Even when no 
visible cracks are present at the dividing lines between layers, 
the weld is weakened, because the layers have a tendency to 
slip on each other on deformation. However, some cracks will 
usually be found on closer examination. Fig. 4c shows an 
extreme case. 

The characteristics of gas welding make it possible to obtain 
welds with good penetration throughout, which show practically 
no voids or inclusions without fine polishing and a magnifying 
glass; Fig. 5 is a good example. 

Fig. 6 shows the structure of a butt weld of 6-in. standard 
pipe. This is the structure of the butt weld shown by Fig. 5. 

The examination of a weld would be incomplete if the effect 
on the adjacent steel were neglected. A sharply defined division 
line between flowed-in and pipe metal is rare in a good gas weld. 
Usually, a zone of transition, with a combination of the two 


MICROPHOTOGRAPHS OF STRUCTURE OF OXYACETYLENE HEAD WELDS 


Fig. 2 
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metals, will be found. The prolonged heating necessarily con- 
nected with gas welding affects the base metal to a large distance 
from the weld. For instance, with a 6-in. standard pipe, the 
structure was found to have been changed to a distance of about 
3/, in. from the edge of the weld. A 4-in., B.w.g. No. 8 boiler 
tube showed a change of structure to a distance of 1'/, in. from 
the weld. In detail, the structural changes and the extent of 
the affected zone depend on the type of steel and on the welding 
conditions (Figs. 7 and 8). 

The structure of gas welds is indicative of their mechanical 
properties. With sound metal and uniform structure, changes 
in strength may be judged fairly accurately from Rockwell 
hardness tests. These show a hardness of the flowed-in metal 
and the adjacent steel, which is highly heated during welding, 
higher than that of the original pipe steel, a gradual decrease 
below this level in a softened zone comprising both structurally 
changed and unchanged steel, and a return to the original 
hardness at a distance from the weld at which the metal was 
heated to less than 1000 to 1100 F. The tensile strength of the 
flowed-in metal is usually close to that of the pipe steel. The 
ductility is uniformly high throughout the weld. A striking 
example is presented by Fig. 9 showing butt welds of 4-in. 
boiler tubes flattened between parallel plates until the distance 
between the plates was '/; in. Afterward, on hydrostatic pres- 
sure, the flattened section was reexpanded to nearly 3 in., at 
600 lb per sq in., before a crack occurred in the base metal 
adjacent to the weld. A specimen of unwelded boiler tube 
subjected to a test under the same conditions cracked at a pres- 
sure of 700 lb per sq in., with a reexpansion to 3!/s in. The 
ductility of the weld metal was quite remarkable when it is 
considered that the thickness of the weld was approximately 
1/, in., compared with a tube thickness of °/3. in., a difference 
which caused a much more severe bending of the welding metal 
than of the boiler-tube steel. 


Execrric-Arc Fusion WeELpS 

Electric-are fusion welding with metal electrodes has charac- 
teristics quite different from oxyacetylene welding. The elec- 
tric arc heats base and wire metal rapidly, almost instantaneously, 
to a very high temperature, at which it has a high fluidity, and 


is in part even in a gaseous condition. At this temperature 
the metal reacts readily with the oxygen and nitrogen of the air. 
The resulting nitrides make the metal hard and brittle. Part 
of the oxides react with the carbon of the welding wire to form 
carbon-monoxide gas, which is entrapped in bubbles by the 
metal, making the weld porous. It is evident that the condi- 
tions can be improved very much by maintaining an atmosphere 
of neutral gases surrounding the arc and the weld. Of the 
various methods devised to accomplish this, only the coating of 
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Fig. 6 


the electrodes with a material which develops inert gases on 
heating has achieved commercial importance so far in the field 
welding of pipe lines, and has as a matter of fact resulted in 
producing welds of high quality. In addition to eliminating 
oxidization, nitriding, and the burning out of the carbon to a 
large extent, the inert atmosphere apparently has a heat-insu- 
lating effect resulting in a higher heat input into the weld. A 
beneficial effect of this condition is an improved distribution of 
heating stresses at the weld. On the other hand, some under- 
cutting along the edges of the welds has not been eliminated 
entirely, and the higher heat concentration causes a high fluidity 
of the metal as flowed into the weld, which makes it very difficult 
to obtain good overhead welds. The attempt to overcome this 
trouble by applying numerous thin layers which solidify imme- 
diately at, the surface of the previously flowed-in metal has 
yielded promising results, even though it still has disadvantages 
in regard to uniformity of structure and probability of slag 
inciusions. 

Heating and flowing-in of metal are simultaneous and inter- 
connected operations in are welding. If a sound weld is needed, 
it is necessary, therefore, to clean the surfaces of base metal or 
previously flowed-in metal very carefully, since any slag or other 
impurity left will be included in the weld and cannot be worked 


Fie. 10 Cross-Szections oF ELecrric-Arc Fusion Butr WELps, CoaTep Wire, 6-IN. STANDARD Pips 


(a, random transverse sections; 6, transverse sections, top of pipe; c, transverse sections, bottom of pipe; d, longi- 
tudinal sections.) 


Fig. 7 
Figs. 6 Tro 8 MIcROpHOTOGRAPHS OF OXYACETYLENE WELDS 
(Fig. 6, structure of butt weld shown by Fig. 5; Fig. 7, structure of unwelded pipe; Fig. 8, structure of pipe metal 5/16 in. from weld.) 


Fig. 8 
x 100 


out during welding. Such inelu- 
sions, accordingly, are found more 
frequently in electric-are welds than 
in gas welds. One finds a similar 
condition in regard to penetration 
and fusion at the root of the weld. 
If the weld metal is not fused to 
the base metal at the root im- 
mediately or if the electrode metal 
which flows in in drops and slugs 
rather than in a continuous stream 
bridges over the root section, poor 
penetration results. Fig. 10 shows 
that the penetration is not certain 
to be good throughout the weld. 
Lately, backing strips have been 
used to secure more uniform pene- 
tration, care being taken to have 
the are go from the welding elec- 
trode to the backing strip. The 
method which has been taken over 
from the welding of pressure vessels 
promises good results in pipe-line pig. g Frarrentnc Test 
(Of 4-in. boiler-tube oxy- 
acetylene butt weld.) 
welding, though more atten- 
tion should be paid to shaping 
the backing strips to suit flow 
conditions in the pipes. 
Structural features of the 
welds are of course the result 
of the welding conditions. In 
electric-are welding, the tem- 
perature of the weld metal is 
very high, while the total heat 
input is low, compared with gas 
welding, on account of the 
short duration of the welding 
action. Accordingly, the aver- 
age total temperature of the 
joint is low during welding, 
and tends to chill the fused-in 
metal, which freezes rapidly in 
needles or columns of grains 
radiating from the colder sur- 
faces. The heat liberated by 
the are and by the freezing 
and cooling of the molten metal 
increases the temperature of 
the parent metal or of pre- 
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Figs. 1l To 14. OF ELectric-Arc WELDS, BARE WIRE X 100 
(Fig. 11, one-layer weld; Fig. 12, same layer after second layer was applied; Fig. 13, second layer; Fig. 14, fusion line.) a 


The result is the presence of 
two very different types of 
metal structure. The last layer 
flowed on and any sections of 
previous layers not recrystal- 
lized, due to insufficient heat 
input during the flowing-in of 
the succeeding layer, have a 
dendritic metal. The remain- 


Figs. 18 to 20 MuicrorpHoTOGRAPHS OF WELDS, CoaTED WIRE X 100 


(Fig. 18, transition between inner and outer layer; Fig. 19, fusion line at outer layer; Fig. 20, transition line be- 
tween inner and outer layer, no grain growth 


viously flowed-in metal to the critical point at which it recrys- 
tallizes to a refined structure. Immediately adjacent to the 
weld, the temperature usually is kept up sufficiently long to effect 
a slight grain growth. At a very short distance from the weld, 
the duration of the heating is already so short that only partial 
recrystallization results along the boundary lines of ferrite grains 
and in the pearlite. 


der of the flowed-in metal and 
the steel adjacent to the weld 
have a highly refined structure. 


Fig. 15 Fig. 16 Fig. 17 pare The grain refinement in the 
Fies. 15 or Exectric-Arc Wetps, Coatep Wrre  X 10000 base steel does not usually ex- 
(Figs. 15 and 16, structure of outer layer; Fig. 17, structure of inner layer.) tend to a distance from the 


weld exceeding */3: in. from the 
edge at the surface. Toward 
the root, the width of the af- 
fected zone increases; this in- 
crease, however, is less than 
the decrease in the width of 
the weld with the usual 45-deg 
bevel. Absence of the inter- 
mediate zone of larger grains 
between the two types of metal 
mentioned before indicates a 
condition similar to those of 
“laps” in gas welding and may 
be the result of an interrup- 
tion in the welding of a layer 
when the metal on restarting is 
not fused to the last fused-in 
metal. (See Fig. 10, weld No. 
2,d.) Theconditions are illus- 
trated by Figs. 11 to 22. 

The ratio of the thickness of 
the two layers is of importance 
for the overall properties of 
the weld. It depends, of course, 
on the number of passes or 
layers employed, the relative 
amount of refined metal being 
increased with an increase inthe 
number of layers. Two-layer welds usually show the thickness of 
the outer layer to be about 50 per cent of the throat line, the volume 
being 50 to 70 per cent. With more layers, this relative thick- 
ness decreases, in general, though there are cases in which we 
have found the total thickness of unrefined metal to be 67 per 
cent in a three-layer weld, on account of insufficient recrystal- 
lization due to the use of thin layers with low heat input. 


ig. 18 
Fig. 19 
Fie. 18 
— 
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The determination of the tiene of an electric-are weld 
by means of tensile tests frequently disregards the fact that the 
usual tensile specimen contains a much smaller percentage of 
fibrous dendritic metal than the actual weld, and is therefore not 
representative. Welds made by bare-wire welding shall be 
excluded from further consideration, since their properties make 
them unsuited for use at high pressures and temperatures. The 
mechanical properties of the dendritic metal are influenced by 
the directional grain arrangement. The recrystallized weld 
metal usually has high strength and ductility. 

Bending tests offer conclusions in regard to the differences in 
ductility between the layers. If the outside of an unmachined 
weld is at the outside of the bend, the fracture usually runs 
through the outer layer at an angle of 90 deg to the surface, 
parallel to the direction of the fibers. It often changes its 
direction at the separating line between outer and inner layer, 
following the softened zone between chilled and refined metal, 
sometimes even splitting to both sides of the original fracture. 
The ductility of the inner layer is generally high. When bending 
tests are made for determination of the ductility of a weld, re- 
moval of the reinforcement keeps the specimen from being truly 
representative of the weld. In our experience, sideway bending 
of specimens about */:. in. thick gives a better idea of the duc- 
tility of a weld than the usual bending test, especially since all 
sections of the weld are subjected to uniform amounts of stretch- 
ing. 

As with gas welds, Rockwell hardness tests can give a fair 
idea of the relative strength of the various types of metal of 
an electric-arc weld made with coated wire. The hardness ratio 
between chilled and refined metal varies. The steel close to the 
weld shows large changes, the metal adjacent to the weld being 
decidedly harder than the original steel. The transition zone 
from increased to normal hardness is frequently so small that it 
is indicated only by its behavior during bending tests. 


WELDING STRESSES 


7 During welding, first an expansion of the parent metal occurs 
on heating, and is followed by a contraction of the solidified 
weld metal and the heated base steel during cooling. As far 
as expansion and contraction cannot be taken up by free move- 
ment of the material or by deformation, they result in cracks, 
or at least in residual stresses, lowering the resistance of the 
metal to stresses imposed from the outside. It is surprising that 
designers of welded structures often do not realize the importance 
of this simple mechanical process. 

Roughly, welding stresses may be either general or local. 
General stresses are those resulting from the expansion or con- 
traction of the weld as a unit. It is evident that these stresses 
increase with the amount of flowed-in metal per inch of weld. 
Accordingly, the weld should be not larger than necessary to 
obtain good penetration. A double-V weld is preferable in this 
respect to the single-V wherever the size of the equipment per- 
mits welding from both sides. With single-V welds, a decrease 
in flowed-in metal and heat input may be obtained with heavy 
wall thicknesses by decreasing the angle of the bevel, and accord- 
ingly the width of the weld. 

General stresses are lowest in circumferential welds, which 
are the most frequent type of : 
pipe field joints. The expansion 
merely causes a slight increase 
in diameter, the contraction a 
decrease, part of which is bal- 


Material and heat treatment 
Boiler-tube butt welds: 


smallest with oxyacetylene 
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Annealed at 1100 F............ 


Annealed at 1650 F............ 
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welds, since the plasticity of the large amount of heated steel is 
higher than of the cooler steel close to electric-are welds; ac- 
cordingly, it can take up.a greater amount of deformation 
close to the weld and distributes the contraction stresses over 
a longer length of the pipe. With heavy wall thicknesses, 
the residual stresses in a weld may be higher as a result of the 
greater stiffness of the pipe. The influence of the factor of 
rigidity suggests that the size of residual inner stresses may be 
determined by the combination of diameter and wall thick- 
ness rather than by the thickness alone. 

Other types of welds do not always offer as favorable possi- 
bilities of deformation as circumferential welds. This is true 
not only with T-welds and angle welds, but also with all methods 
so far suggested and used for strengthening circumferential pipe 
welds by welding on reinforcing members. If sleeves are used 


which cover the butt weld and are fixed to the pipe by circum- 
ferential fillet welds, the sleeve and the section of the pipe be- 
tween fillet welds are usually too rigid to take up the contraction 
stresses of the welds by deformation. 


The situation is still less 


Fig. 21 Fig. 22 


Figs. 21 anp 22 MicropHoTroGrRapHs or E.Lectric-Arc WELDS, 
CoatTep WirE X 100 
(Figs. 21 and 22, changes in steel near weld.) 


favorable if heavy longitudinal straps are used as reinforcements. 
Such straps are attached to the pipe by fillet welds, either all 
around or along the longitudinal edges, excepting at the pipe 
butt weld. The material between fillet welds is extremely stiff, 
and the cooling contraction of flowed-in and heated metal results 
in high stresses within weld, pipe, and strap. Since, in addition 
to welding stresses, operating conditions impose stresses caused 
by temperature differences between pipe and reinforcements, 
the value of such safeguards is doubtful, and it seems certain 
that they weaken the joint rather than strengthen it. 

Local stresses are caused by uneven cooling within the weld 
and can be aggravated by lever action, especially at the start 
of a thin metal weld, since the slower heat transfer to the air 


TABLE 1 ROCKWELL HARDNESS TESTS OF OXYACETYLENE WELDS 
from unheated steel——. 


———— Steel 
Not affected Close 


Weld Not a" Close Weld 

by welding to weld metal by welding to weld metal 
B61.0 a B61.5 0 + 0.5 
B56.1 B61.5 — 4.9 + 0.5 
B81.7 B82.1 85.0 0 + 0.4 + 3.3 
B64.1 B70.1 B73.6 —17.6 —11.6 — 8.1 
B61.1 B61.1 B67.6 —20.1 —20.6 —14.1 
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ACTIONS OF THE 


Figs. 23 To 25 


x 100 


Fic. 26 MuiIcrRoPpHOTOGRAPH OF SHARP-EDGED INCLUSION 


(At transition between inner and — layers of coated-wire electric-arc 
weld.) 


keeps the starting point softened longer than the adjacent metal, 
which is cooled by heat transfer to the metal. These stresses 
ean be equalized only by sufficient ductility of the metal. 

If the residual stresses in a weld joint are large, whether 
general or local, it is probable that the metal has been stretched 
to nearly the limit of its ductility. As a result, only small 
additional stresses, especially impact or repeated stresses, are 
likely to cause local or general failure. The ductility of such 


— Difference from unheated steel 
Steel -——Weld metal—— -———Weld metal——. 
Not affected Close Outer Inner Not affected Close Outer Inner 
by welding to weld layer layer by welding to weld ayer layer 


1/:-in. low-carbon steel-plate double-V welds: 


MICROPHOTOGRAPHS OF BorLeR-TUBE METAL 
(Fig. 23, unwelded boiler tube; Figs. 24 and 25, boiler-tube metal !/s in. from butt weld before and after anneal at 1700 F.) 


TABLE 2 ROCKWELL HARDNESS TESTS OF ELECTRIC-ARC WELDS WITH FLUX-COATED WIRE 


.NGINEERS 


x 100 


metal, unless cracks actually have been formed, can be restored 
by heating, which in addition relieves the stresses. 

Experience and tests indicate that residual stresses in a cir- 
cumferential joint made by oxyacetylene welding are usually 
very small, due to the characteristics mentioned before. An- 
nealing is therefore likely to weaken the weld rather than 
strengthen it, and may even increase the difference in properties 
between pipe and weld metal, due to the difference in reaction 
under recrystallization. Table 1 suggests the advisability of 
investigation in every single case warranting especial care. In 
the case of the boiler tube which was not weakened seriously by 
the annealing treatment, a comparison of Figs. 23 to 25 indi- 
cates that the structure should be normalized. 

The conditions are different with electric-are welds in which 
localized heating to high temperatures results in high unrelieved 
stresses and plastic hot and cold deformation. Annealing treat- 
ment of bare-wire welds is not practicable, and may even result 
in weakening of the weld—a condition which has been attributed 
to the growth of nitride needles on slow cooling and to the pres- 
ence of nitrogen in solid solution with the iron on quick cooling. 
As far as welds made with coated electrodes are concerned, the 
effect of annealing on the pipe metal should be determined and 
should be considered in the calculation of permissible fiber 
stresses. The increased differences in hardness between pipe 
and weld metal after annealing, shown in Table 2, are not 
necessarily detrimental, since the ductility of each metal is in- 
creased by the annealing. Heating above the critical point is 
required for removal of the columnar structure in the outer layer 
and for equalizing the properties within the base metal and 


within the flowed-in metal. 
J 


The final point to be considered is the influence of the proper- 
ties of welds on the behavior under operating stresses. This 
point will be better understood after a short review of some 
actions of metals under stress. 
Whenever the unit stress in a metal exceeds the yield point, 
stretching takes place until the work hardening has increased 


Stress ConpiITIONs AT WELDS 


0 + 3.7 +10.5 
B89.0 B86.0 —17.6 —10.3 +7.3 + 4.3 
B76.0 B76.3 —20.1 —20.0 —5.7 — 5.4 
Bree} Hardness of unwelded steel not known 
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If the overload is confined to 


the yield point to the unit stress. 
part of the cross-section, the local deformation affords an addi- 
tional relief by distributing the stress over a larger cross-section 


area. The maximum amount of local stress concentration to be 
taken up is limited by the ductility of the metal. 

Below the yield point, failure can be caused by repeated 
stresses to a point above the ‘fatigue limit.’’ Close to the 
fatigue limit, failure is caused by millions of stress reversals; 
with increasing load, the number of stress repetitions required 
to cause a fracture decreases rapidly. Stress concentrations 
are especially dangerous, since deformation does not take place, 
and therefore ductility cannot give relief. If large residual 
stresses are present in the metal, even small operating stresses 
may lead to fatigue conditions. 

The detrimental effect of voids or inclusions is due largely to 
the stress concentrations in the metal next to them; these are 
highest at sharp corners (Fig. 26). The stress concentration at 
inclusions is sometimes indicated by cracking during cooling 
(Fig. 27). An especially serious form of voids is presented by 
poor penetration or by lack of fusion at the root of the weld, 
since the wedge effect causes high stress concentration at a point 
of maximum operating stress. Fig. 28 shows inclusions and poor 
penetration of head welds; the weld shown by Fig. 28¢ appeared 
to be very good until it was cut. 

The influence of structural differences on stress conditions is 
best demonstrated by an examination of the bending fracture, a 
sketch of which is shown by Fig. 29. The weld was a double-V 
butt weld, made in a shop and stress relieved at 1100 F for 
removal of contraction stresses. The fracture occurred in 
accordance with the struct 


ral properties, with a rough break 


Fig. 27 MicropHoroGraPH OF INcIPIENT Crack X 100 
(Caused by stress concentration at inclusion during cooling.) 
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parallel to the fibers in the outer layers, smooth silky surfaces 
in the inner layers, and changes of direction in the transition 
zones. Evidence of stresses caused by structural differences is 
offered by the branching crack in one of the transition zones. 
Before bending, this section was found to be sound. If the crack 
were the result of bending alone, in the absence of inner stresses, 
it would be widest at its mouth and would have a sharp root. 
The size of the inner stresses is indicated by the fact that splitting 
occurred even before the bending had proceeded far enough to 
cause grain deformation of the inner layer (Figs. 30 and 31). 
Just as lack of ductility of the metal may lead to local stress 
concentrations and failures, rigidity of the weld within the pipe 
causes stress concentrations in weld and adjacent pipe metal. 
In this connection, high ultimate elongation of the weld metal 
is of little importance if the welded pipe would fail under a 
pressure imposing a unit stress on the weld metal far below the 


Fic. 28 Heap SHOWING Poor PENETRATION AND VoIDs 
(a and b, faults showing on inner surface; c, fault disclosed by cutting.) 


Fic. 29 Fracture or TEsT 
(Electric-are double-V butt weld. See Figs. 30 and 31.) 


ultimate strength or even below any other stress causing appre- 
ciable deformation. High tensile strength of weld metal and 
reinforcement contribute to rigidity of the weld. The aim should 
be to obtain a weld as similar in all properties to the pipe as 
possible and not to get weld metal as high in tensile strength and 
ductility as possible. 

Selecting covered-wire electric-arc welds as representatives 
of high-strength welds and oxyacetylene welds to represent 
flexible welds, a comparison of both elastic and plastic deforma- 
tion is offered by the following two tests. 

Fig. 32 shows the stress-strain relationship of the two types 
of welds. As a result of the reinforcement, the oxyacetylene 
weld does not follow the expansion of the pipe as readily as it 
would, according to the close similarity of the properties of the 
two metals—shown by Fig. 33. The electric-are weld, however, 
has a much higher rigidity, even though in this case poor pene- 
tration has cut down the stress-carrying cross-section area. 

The behavior of the two types of welds under plastic deforma- 
tion is evident from Fig. 34. The rigidity of the electric-arc 
welds—i.e., the butt welds of Nos. 1, 2, and 4 and the head welds 
of No. 4—resulted in stress concentrations at the welds which 
caused splits originating in the pipe to continue through the butt 
welds or close to the head welds. The greater plasticity of the 
oxyacetylene welds served to distribute the stresses more evenly, 
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Fies. 30 anp 31 
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Fig. 30 
MIcROPHOTOGRAPHS AFTER BENDING TEST OF SPECIMEN OF MacHINED ELEctrRIC-ARC DouBLE-V WELD, 
Wire X 100 


(This is of test shown in Fig. 29. Structure at either side of mouth of branching crack.) 


Fic. 33. ApproximaTe Stress-STraIn Curves or 8-IN. Pipz anp 


a condition which limited the extension of the fracture, per- 
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tration is indicated by the fact that the breaking stress of the 
electric-arc metal was less than 70 per cent of its tensile strength, 
if the stress concentration is disregarded. 


TABLE 3 MAXIMUM EXPANSION OF PIPE AND BUTT WELD 
OF SPECIMENS SHOWN BY FIG. 39 


Stress in Metal, Lb per SqIn. 


UNMACHINED Butt WELDs 


mitted a uniform rate of expansion (as shown by Table 3), and M Pipe Weld 
increased the bursting strength of the specimen. This result Oxyacetylene weld, percent. 
° 
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ConcLusions 


If these investigations, which have been based on our own 
tests as well as on service experiences extending over many 
years and on some published and unpublished data obtained 
elsewhere, indicate that in this case oxyacetylene welding fills 
the requirements in regard to soundness and adaptation to 
service conditions better than electric-arc welding, it is not 
intended to claim any general superiority of gas over electric- 
arc welding. Investigations of other types of welded joints 
have indicated that in many cases the properties of electric-arc 
welds made with covered wire, or sometimes even with bare 
wire, may be better suited to the particular conditions and 


requirements. 
Discussion 
| 


GrorcE C. Eaton.?. The author’s conclusion is that the oxy- 
acetylene method at present offers more certainty of a thoroughly 
sound weld than electric-arc welding, but the writer believes 
that the day is not far off when electric welds made in the field 
will be far superior to the other type. This company has used 
welding of pressure pipe lines for over eight years. The first use 
of any magnitude was during the building of the first section of 
Edgar Station in North Weymouth. Oxyacetylene seal welding 
of Sargol joints on steam piping was used extensively. No butt 
welds of any type of piping were made at this time. Sargol 
joints have since been used for both steam and feedwater piping 
in the high-pressure additions to the station. 

In practise the use of oxyacetylene welding for resealing the 
Sargol joints, after breaking for maintenance work, has not been 
continued. We use electric welding instead for this reason: 
When breaking the weld, it is necessary to chip away the weld 
metal, and in doing so it is impossible not to remove part of 
the joint lips. After several breaks and rewelds of one joint, 
a failure of the pipe metal was found at the flange due to the 
heating by the oxyacetylene-welding procedure. Since that time 
we have used the electric-are method, which enables us to 
readily build up the lips without endangering the pipe metal. 

It may be interesting to know that we have also substituted 
a thin soft-iron gasket for the seal weld on a number of joints 
with consistent success. Our operators and repair foreman are 
strongly in favor of electric-arc welding over oxyacetylene for 
all purposes except brazing of thin metal and cutting. 

In the addition to Edgar Station in 1927, we have used butt- 
welded pipe lines for water up to 30 lb per sq in. pressure and 
steam piping up to 120 lb per sq in. pressure and 525 F. No 
trouble with these welds as made by the oxyacetylene method 
has developed. 

At our Kneeland Street Steam Heating Station in Boston, 
butt-welded boiler-feed lines up to 325 lb per sq in. have been 
used successfully since the first installation in 1930. The oxy- 
acetylene-welding method was used in this case because of the 
portability of the equipment. 

In the steam-heating distribution system all joints of the 
recent additions built for 200 Ib per sq in. have been oxyacetylene 
welded. The joints of one of the earlier welded jobs were an- 
nealed, as it was then felt worth while. Subsequently this prac- 
tise was given up because it was not considered that the cost of 
the annealing justified the results obtained. The largest pipes 
yet welded have been 16 in. in diameter. It is believed that 
annealing of welds on pipes over 24 in. in diameter when installed 
will be economically justified in the light of present practise. 


* Mechanical Technical Engineer, Generating Department, Edison 
Electric Illuminating Company, Boston, Mass. Jun. A.S.M.E. 
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F. P. Farrcuitp.? The use of welded joints for pipe work in 
power-station practise is relatively new. Our company has 
recently completed two installations for the Public Service Elec- 
tric and Gas Company in which all the line joints are welded. 
One of these installations is for a pressure of 700 lb per sq in. 
and a total temperature of 850 F, and the other for 375 Ib pres- 
sure and 750 F temperature. To as great an extent as possible 
pipe joints were made in the fabricator’s shop by the electric- 
arc-weld process, using coated wire. Field welds were made 
by the oxyacetylene process. The welders were qualified for 
the work by demonstrating their ability to make sample welds 
to meet requirements as to ductility, tensile strength, grain 
structure, porosity, fusion, penetration, and absence of slag 
inclusions. The actual welding work in the field is also witnessed 
by a qualified inspector. 

A large number of samples tested showed failure of the welds 
to penetrate to the bottom of the V, and some trouble has been 
experienced with deposits of welding material inside the pipe. 
Both of these difficulties can be largely overcome by the exercise 
of sufficient care on the part of the welder. However, in order 
to eliminate the human element as far as possible, the practise 
has been adopted of inserting a '/j-in. by 1-in. ring of metal 
inside the pipe under the weld. The ring is tack welded to one 
of the pipes before putting the ends together. It acts as a 
base for starting the weld and permits the welder to get full 
penetration without the formation of stalactites inside the pipe. 
At Burlington Generating Station the inside rings were not used, 
but reinforcing strips were placed longitudinally on the outside 
of the high-pressure pipe. On the installation at Kearny Gener- 
ating Station, the rings were used on the most recent work, and 
the reinforcing strips were omitted except on field nozzle welds, 
where the reinforcing strips are still thought advisable. 

Field welds are annealed by heating to approximately 1200 F. 
In order to assure slow cooling, a special removable box packed 
with asbestos is placed over the joint before heating and the 
pipe ends are closed to prevent inside air circulation. 

Valves up to 10 in. in size have been welded into the line. 
The larger valves are the screwed-end type, with short pipe 
nipples screwed and electric are welded into each end in the 
manufacturer’s shop. The field welds are then only an ordinary 
pipe weld between the nipples and the pipe. On smaller valves, 
2 in. and under, the valve body is machined down to pipe size 
and welded directly into the line. By using the proper tips 
the temperature of the valve body never exceeds 750 F, and 
there is no danger of warping of the valve seat or disk due to 
excessive heating. Small water-cooling jackets were at first 
provided to insure against exceeding this temperature, but later 
were found to be unnecessary. The stresses which can be trans- 
mitted to the valve during welding are materially reduced by the 
pipe nipples on the large valves. On the small valves the rela- 
tively thin part of the valve body, where it has been machined 
down to pipe size, serves the same purpose. 

Because of the human element involved in making welds, the 
tests of finished work must be extra rigid. Samples of welders’ 
work can only indicate their ability and conscientiousness and 
do not absolutely insure against faulty work. Installations of 
this kind should be hydraulically tested to at least twice the 
working pfessure and be hammered while under pressure as 
heavily as the thickness of the material permits. 

There is little doubt that eventually the electric method of 
welding will develop to a point such that it can be used for field 
work, except perhaps for special cases, and will give more satis- 
factory results than the gas method. However, we are in agree- 


* United Engineers and Constructors, Inc., Philadelphia, Pa. 
Mem.AS.M.E. 
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ment with the author of the paper that this state of the art has definitely predictable and is dependent less on the human element 
not yet been reached. than on correct engineering and intelligent supervision. It is 


O. A. Turron.‘ Fortunately there is a considerable volume 
of published data of a reliable nature available indicating the 
characteristics of welds. Today there is no excuse for the 
designing engineer who approaches the subject with an open 
mind not knowing exactly what he has to work with in using 
welds. Such organizations as the American Welding Society 
and the A.S.M.E. have established Tentative Codes for Pressure 
Piping which have set forth the conditions that must be met 
by suppliers of raw materials and the performance characteristics 
that may be demanded of the finished weld. These factors are 
thereby established as the essential elements to permit of the 
use of welding in such work. Manufacturers of electrode wire 
have readily met these requirements and have been spurred on 
by the healthy element of competition to provide complete 
tabulated physical characteristics of welded joints producible 
with their electrodes, basing their results on standard test speci- 
mens and methods, which standards have likewise been estab- 
lished by the national bodies interested in this work. 

The standard joint for arc-welded pipe is of the single-V type. 
The following is from a specification used by the General Electric 
Company for field-welded joints of pipe from 2 in. to 18 in. 
diameter, inclusive: ‘The pipe ends shall be beveled to an 
angle of 45 deg and with a width of flat at the end of the pipe 
of '/s: in. plus or minus '/3,in. The angle of bevel shall be mea- 
sured from a line drawn perpendicular to the axis of the pipe.” 

Experience has shown that good quality weld metal and 
penetration at the bottom of a V are obtained when chill rings 
are used. On pipe sizes up to and including 4 in. in diameter 
they are not necessary, but on sizes greater than 4 in. in diameter 
it has become standard practise with our company to use chill 
rings, thus insuring a joint of 100 per cent cross-section of 
good weld metal. In heavy walled piping where several passes 
are necessary each pass is limited to not over °/;: in. in thickness 
per layer. Stress relief is accomplished in several ways. In 
some cases this is done by peening each layer thoroughly. In 
the great majority of cases, however, the pipe wall is relatively 
so thin that stresses set up by welding are negligible. Each 
subsequent layer of weld metal partially strain-relieves the 
previous layer and refines its structure. It is therefore a standard 
element of the American Welding Society’s tentative welding 
specifications that the top of the next to last bead of a weld 
shall be '/;. in. above the surface of the parent metal. This 
insures a joint of 100 per cent thickness of refined and strain- 
relieved weld metal. 

The statement is made that oxyacetylene welding has pro- 
ceeded to a stage where its success depends entirely upon the 
judgment, skill, and carefulness of the welder, whereas electric- 
are welding has not proceeded this far. It is a mistake to assume 
that either process is entirely dependent upon these factors. In 
our opinion these are but three of the important factors and 
may be summed up into one term—namely, ‘“‘proper qualifica- 
tion of the welder.”” Other equally important factors are rigid 
adherence to design specifications for material and joints, engi- 
neering specifications as to electrode diameter, welding current, 
are voltage, thickness of layers, speed of welding, and’ technique. 
These factors are all controlled by systematic supervision and 
inspection, by the consistent testing of specimens cut from the 
work, and by proper qualification tests of operators before em- 
ployment, as well as periodical checking of this qualification 
from time to time as the work progresses. Electric-are welding 
most certainly has progressed to the point where its success is 
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therefore entitled to recognition as an exact science available as 
a construction tool. 

Another statement is made that a weld can be considered 
reliable even when certain deficiencies are present to a limited 
extent and that the gradual elimination of such defects should 
be required of the welder. This is hardly admissible in present- 
day practise in welding. We ourselves consider piping generally 
to come under the classification of ‘‘class II pressure vessels,’’ 
as described in the A.S.M.E. Boiler Construction Code for 
Unfired Pressure Vessels. This code differentiates between 
class I and class II vessels mainly in that class I vessels can and 
must be X-rayed, whereas class II vessels need not be. The 
other physical property requirements are equally as rigid. 
Welders who cannot meet these requirements consistently should 
not be, and are not, permitted to engage in such work. Experi- 
ence has shown that with the arc-welding materials and procedure 
as they are known today such qualification of welders is not too 
rigid and there is no need for accepting any lower quality of 
workmanship. 

Reference to the presence of small voids, air and gas pockets, 
and inclusion of oxides, slag, and other foreign matter in welds 
leads the writer to assume that the author believes these are 
still necessarily met in the arc-welding materials and procedure 
of today. Such imperfections were common in the welds made 
with bare or lightly coated electrodes of a few years ago, but 
such materials are no longer used in this class of work. Heavily 
coated electrodes are now used exclusively for pipe-line systems. 

The General Electric Company is now installing a 14-in.-in- 
diameter, '/2-in.-wall arc-welded steam pipe line at its plant in 
Schenectady. This line is designed for operation at 400 Ib 
pressure and 750 F. The following results are taken from 
qualification tests made by two of the welders: Average ten- 
sile, 64,033 Ib per sq in.; average elongation (free bend), 50.6 
per cent. In this particular project we are perhaps a little 
ruthless iu our methods of testing the welders. Each man is 
required to weld a set of qualification test samples after every 
20 joints, and is not permitted to continue until these are tested 
and his work is found to be of required quality. In addition 
one completed joint is cut out of the line at random from every 
20 completed joints and is subjected to a complete set of tests. 

Although oil pipe lines are not strictly comparable with steam 
and water lines, it is interesting to note that a survey made by 
the American Gas Association showed that there are 5000 miles 
of this kind of welded pipe lines in the country today, with no 
reports of serious failures of any of the welded joints. A large 
refiner in Pennsylvania has just completed a 200-mile gasoline 
transmission line of seamless-steel tubing of 6 in. and 8 in. 
diameters. All joints were arc welded and with electrodes of 
the heavily coated type. 

In the new factory of the Cleveland Wire Works of the General 
Electric Company the entire piping system for steam, water, and 
process gases has been installed by are welding, using the heavily 
coated type of electrode. 

It will be interesting to note the relative effect of corrosion on 
are welds of the type mentioned and on the parent metal. Test 
welds made on A.S.M.E. specification S81 steel boiler plate have 
been immersed in a 50 per cent solution of hydrochloric acid at 
room temperature for 86 hours, and show no greater corrosion 
of the weld than of the plate itself. Welds made with ordinary 
bare or lightly coated electrodes, when subjected to this test, 
show a very spongy appearance of the weld, due to the unrefined 
metal and the inclusion of oxides and nitrides which are quickly 
attacked by the acid.* 

It is commonly believed by some, and stated by this author, 
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that an inherent characteristic of welds made with the heavily 
coated electrodes is an undercutting at the edges of the weld. 
Our experience has shown that this is an erroneous idea. If an 
electrode is of the proper design and used by a competent opera- 
_ tor, there is no excuse for undercutting. 

The writer is in agreement with the author’s statements as 
a whole, and although it has been indicated that are welding is 
considerably more advanced than the paper would lead one to 
believe, this discussion should be considered as completing the 
story rather than unduly criticising it. 


ALBERT Savuveur.® In his critical review of the features of 
the electric-arc welding and of the oxyacetylene welding of pipes 
in field work, the author seems to favor the latter method. 
Only the metallurgical side of these operations comes within 
the writer’s province. In are welding, the possibility exists of 
obtaining the weld metal in a fine-grained condition, owing to 
the refining influence of each layer or bead on the preceding 
layer upon which it is deposited. The first layer is rapidly 
cooled, and therefore becomes somewhat martensitic in structure. 
This implies hardness and lack of ductility. Upon the deposition 
on this layer of a second layer, the former is reheated above its 
thermal critical temperature. Recrystallization takes place, 
resulting in a fine-grained ductile structure. Each layer in this 
fashion refines the layer upon which it is deposited. In gas 
welding, on the contrary, owing to the preheating of the base 
metal, the liquid steel cools relatively slowly and acquires a 
coarse structure which it would seem must lack the ductility 
and probably the strength of a fine-grained structure. 

It has often been said, and rightly so, that the metal deposited 
in welding is necessarily in a cast condition. In are welding, 
however, this casting may be annealed during the process of 
welding, whereas in gas welding such a possibility does not exist. 


C. A. Apams.* The average gas weld is for some purposes 
superior to the average bare-electrode are weld, particularly 
_when ductility is important. On the other hand, are welds with 

heavily covered electrodes are regularly being made in the com- 
mercial production of class I pressure vessels that are superior 
to the best gas welds. However, some of these electrode cover- 
ings are of such a nature as to make overhead welding difficult, 
if not impractical. With one type of covered electrode, it is 
possible to make overhead welds of high quality, but for field 
work such as described in the paper it is probably true that one 
is more likely to get satisfactory results from gas welding than 
from electric-are welding on the overhead part of the job, al- 
though it is entirely possible to do equally satisfactory work 
with the proper type of covered electrode. 

The major purpose served by an electrode covering is the pro- 
tection of the molten and hot metal from contamination by the 
atmosphere, since both oxygen and nitrogen would otherwise 
be absorbed by the molten metal in passing across the are and 
seriously affect the quality of the deposited weld metal. The 
oxides and nitrides in such quantities as appear in bare-electrode 
are welds do not detract from the tensile strength, but do detract 
seriously from the ductility of the weld. 

In a gas weld made with a proper mixture of acetylene and 
oxygen, the hot metal is protected by a considerable envelope 
of the products of combustion which are normally neutral. 

There are two principal types of electrode covering: one a 
slag covering, which is quite unsuited for overhead welding; the 
other is a covering of carbohydrate material with some combus- 
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tion retarder such as sodium silicate or water glass. In this n- 
the covering is largely converted into a protective reducing gas _ 
envelope by combustion, and there is a negligible amount of slag. — 

With this type of electrode covering it is possible to make good — 
overhead welds, although considerable skill is required. The — 
purpose in presenting this discussion is to prevent a possible 

misinterpretation of the author’s conclusions, which are, within 
the field covered by the paper, substantially correct. et ihe 


AvuTHOR’s CLOSURE 
Without going into a detailed analysis of the conditions, the 


oxyacetylene welding in the sealing of Sargol joints, as mentioned 
by Mr. Eaton. This particular type of work does not require 
any flexibility or a weld completely free from inclusions, while 
the greater heat input of oxyacetylene welding is detrimental 
especially if the joint is occasionally broken. 

The use of reinforcements in the case of nozzle welds, mentioned 
by Mr. Fairchild, is justified only by the weakening of the pipe; 
in other words, the pipe is reinforced, not the weld itself. The 
suggestion made in the paper that the stress concentrations neces- 
sarily resulting from the use of reinforcing straps may weaken the — 
welded joint has been substantiated by fatigue tests carried roll 
at the instigation of the German State Railroads. Such tests 
showed failure of joints reinforced by straps after less than one- | 
third of the reversals needed to cause failure of joints not rein- | 
forced.’ The reinforcements, accordingly, tended to weaken — 
the joint rather than to strengthen it. The use of backing strips _ 
is much more desirable, both for oxyacetylene and electric-arc _ 
welds, especially if the cross-sectional shape is adapted to flow | 
conditions in the pipe. 

The statement quoted in the fifth paragraph of Mr. Tilton’s 
comments related, of course, to deficiencies such as were discussed _ 
at that particular section of the paper, not to deficiencies as de- — 
fined by the various codes. It should be kept in mind that, — 
though the code has raised the standard of welds by making © 
higher minimum requirements, compliance with the code does © 
not relieve the user from the responsibility of analyzing the 


author would say that electric-are welding should be superior : 


particular conditions of any one problem and of taking into ac- | 


count factors which are not covered by the code. Failure to — 
realize this condition is responsible for the tendency found so — 
frequently to overrate especially the importance of the tensile 
properties of the weld metal. A weld may be a weak point of any 
structure, in spite of very high tensile strength and ductility of 
the weld metal, if it causes stress concentrations by its shape or 
by relative rigidity resulting from its very strength. 

Mr. Tilton’s company kindly made an overhead weld for us to 
examine. While the weld was the best electric-are overhead 
weld we have had an opportunity to test and while it filled all | 
code requirements relating to strength and ductility of the metal, — 
it failed to come up to the requirements regarding shape of rein- — 
forcement and relative freedom from voids or inclusions. The 


thickness close to the edges, is detrimental whenever fatigue 
stresses appear in service. This condition is aggravated by 
undercutting; though this is not believed to be an inherent char- e 


shape of the reinforcement, which in this case had its — 


acteristic of electric-arc welds, it has been found generally or at 


localized spots in all extended welding jobs that the author has — 
seen so far and to a slight degree even in the test weld mentioned. — 
Inclusions and voids were the deficiencies to which the statement _ 
quoted by Mr. Tilton referred. Micrographs of some of the 
inclusions found in the test weld have been used in the paper to 


7 “Dauerfestigkeit von Schweissverbindungen bei verschiedener 
Formgebung,”’ by Prof. Dr. A. Thum, V.D I., vol. 77, no. 19, May 
13, 1933. ‘“‘Die Dauerfestigkeit der Schweissverbindungen,” 
G. Schaper, V.D.I., vol. 77, no. 21, May 27, 1933. 


at 
‘ 
‘3 
i 
; 
y 


supplement the illustrations of defects. The test weld, in general, 
corroborated the statements made in the paper. 

Professor Sauveur touches on a problem which has occupied the 
author’s attention at various times. Tensile and bending tests 
actually do show a ductility of the coarse-grained oxyacetylene 
weld metal equal or superior to that of the small-grained recrys- 
_ tallized electric-are weld metal. The ductility of the unrefined 
«layers of electric-arec welds is sometimes quite inferior, due not 
only to martensitic constituents, but also largely to the columnar 
grain arrangement. It is believed that the high ductility of the 
oxyacetylene weld metal is to be credited to the low residual 
stresses and, metallurgically, to the low carbon content resulting 
from the higher loss of carbon during welding, as compared with 
_ covered-wire electric-arc welding. While the low carbon content 
- d counteracts the effect of grain size in regard to ductility, there is a 
_ possibility that coarseness of the structure lowers the impact 
f strength of the weld metal. Since there have been indications 
_ pointing to this condition in some instances, an investigation by 
; _ notched-bar tests would be of value and is suggested to labora- 
ir tories which have suitable testing equipment. 

__-' The necessity of using several layers in electric-arc welding has 

: - advantages from the metallurgical point of view, as pointed out 

had by Professor Sauveur. The disadvantage, mgemany in field 
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welding, is that pieces not only of slag, but of oxide scale, are 
entrapped by subsequent layers. Before electric-arc welding 
can be considered entirely satisfactory in field welding involving 
the service factors considered in the paper, it will be necessary to 
find ways that will positively insure the removal of all slag and 
scale on the surfaces of intermediate layers. The choice of a 
covering in accordance with Professor Adams’ suggestions is one 
step in this direction. It is necessary, furthermore, to develop 
electrodes and welding procedure to a stage at which overhead 
and any other type of field welding can be done successfully by a 
good welder, without unduly high demands on skill or precautions. 
The opinion was variously advanced or indicated during the 
discussion that electric-are welding would soon or ultimately be 
superior to oxyacetylene welding. The author believes “‘superi- 
ority”’ to be a relative term inasmuch as he is aware of many 
types of welds for which even now he considers electric-arc 
welding “superior.”” Progress in further insurance of soundness, 
reduction of residual welding stresses, increase of weld flexibility 
by improved control over weld metal properties, and better 
realization of the factors influencing fatigue resistance are points 
to which the paper was intended to direct attention for the benefit 
of power piping welding and, perhaps, of many other applications 
of welding in general. 
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Modern civilization is based on transportation, and the 
fundamental prime mover in transportation is the steam 
locomotive. Improvements in the steam locomotive 
affecting its efficiency and reliability are reflected in a 
corresponding manner in the entire transportation in- 
dustry. The loads and stresses developed in locomotive 
service on bearings are exceptionally severe, and the con- 
sequences of failure are far reaching, and these conditions 
together have militated against rapid introduction of the 
roller bearing in locomotive service. The application of 
the roller bearing in passenger service has progressed in an 
encouraging manner over a period of years, but efforts to 
interest railroad men in application of roller bearings 
to a complete locomotive were unsuccessful, and finally 
convinced the Timken company of the desirability of 
building a locomotive equipped on all wheels with roller 
bearings and loaning it for an extended period of service to 
the railroads of the United States. The Timken locomo- 


HE Timken locomotive was de- 
signed for application of Timken 
bearings on all of the drivers, en- 
gine-truck, trailer, and tender-truck wheels, 
on the Franklin booster, and on various 
elements of the control mechanism. The 
introduction of roller bearings on the 
drivers permits of higher rotative speeds, 
as the bearings surround the drivers com- 
pletely, and eliminates pounds within the 
bearing boxes. Heating is eliminated, as 
™ the temperature rise does not exceed 25 
y deg above atmosphere. The wheel diameter was therefore se- 
lected between that prevailing for modern high-speed freight lo- 
_ comotiv es, averaging 70 in., and high-speed passenger locomotives, 
= with 80-in. drivers. The economy in friction, estimated at 12 to 15 
percent, was utilized in increasing the diameter of the drivers over 
that of the modern freight locomotive, and developing through 
the saving in friction a drawbar capacity equivalent to the 
latter. 

The 73-in. wheel was therefore selected. Careful proportioning 
of reciprocating parts and rods permits of operating the 73-in. 
driver at speeds sufficiently high to handle the existing American 

passenger-train schedules. 


1 Vice-President, Timken Roller Bearing Company. Mem. A.S.- 

7 Bc M.E. Mr. Buckwalter entered the employ of the Pennsylvania 
Railroad at the Altoona Works in 1900, and after six years of shop 
experience was transferred to the motive power engineering depart- 

; ment, continuing work on automotive engineering matters until 
1916. He developed the electric baggage, mail, and express trucks 
7 generally used at railway terminals throughout the world. He was 
Chief Engineer of the Timken Roller Bearing Company from 1916 

a 7 to 1922 and Vice-President since 1923. 

Contributed by the Railroad Division and presented at the Semi- 
ae Annual Meeting, Bigwin Inn, Lake of Bays, Ontario, Canada, June 
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of the drivers, engine-truck, trailer, and tender-truck 
wheels, on the Franklin booster, and on various elements | 
of the control mechanism. The introduction of roller © 
bearings on the drivers permits of higher rotative speeds, _ 
as the bearings surround the drivers completely, and elimi- 
nates pounds within the bearing boxes. Heating is elimi- 
nated, as the temperature rise does not exceed 25 deg above 
atmosphere. The wheel diameter was therefore selected 
between that prevailing for modern high-speed freight 
locomotives, averaging 70 in., and high-speed passenger 
locomotives, with 80-in. drivers. The economy in friction, ; 
estimated at 12 to 15 per cent, was utilized in increasing | 

the diameter of the drivers over that of the modern freight 7 
locomotive, and developing through the saving in friction 

a drawbar capacity equivalent to the latter. The 73-in. 
wheel was therefore selected. The 4-8-4 wheel —- 
ment with four-wheel trailer truck was favored. 


tive was designed for application of Timken bearings on all 7 


The weight was held within the limits imposed on certain 
American roads, namely, 61,000 lb per driving axle, but in order 
to compare reasonably with much heavier freight power on other 
roads a duplex steam pressure was utilized in connection with 
the weight transfer between the drivers and trucks, making 
available a weight of 66,000 lb per driver and a steam pressure 
of 250 lb on roads permitting of the heavier axle loads. The 
supporting of the large boiler capable of developing maximum 
power at high speeds favored the adoption of the 4-8-4 — 
arrangement with four-wheel trailer truck. 


LOCOMOTIVE SPECIFICATIONS wa 


The locomotive companies, the motive-power departments of 
the railroad companies, and the specialty companies assisted 
wholeheartedly in the selection of specifications for the locomo- 
tive and made available their enormous funds of information and 
data on locomotive design. The locomotive is a composite of 
specifications of a number of trunk-line railroads and was built 
as large and powerful as the clearance limitations of the principal 
railroads of the United States would permit. Specifications are 
as follows: 

Owner, Timken Roller Bearing Company 
Builder, American Locomotive Company 


Type of locomotive, 4-8-4 
Service, freight and passenger 


Maximum rated tractive force (boiler pressure, 235 lb), Ib....... 59,900 
Rated tractive force of booster (boiler pressure, 235 Ib), Ib....... 12,000 
Tractive force at starting (boiler pressure, 235 lb), Ib........... 1,900 - 
Maximum rated tractive force (boiler pressure, 250 Ib), Ib....... 63,700 
Rated tractive force of booster (boiler pressure, 250 Ib), Ib....... 12,800 
Tractive force at starting (boiler pressure, 250 Ib), Ib........... 76,500 
Weight on drivers + tractive force (boiler pressure, 235 Ib)...... 4.10 
Weight on drivers + tractive force (boiler pressure, 250 Ib)...... 4.14 
Cylinders, diameter and stroke, in... 27 X 30 


Valve gear, Walschaert type; valves, piston type, size, in........ 12 


Weights in working order (boiler pressure, 235 Ib): ia 
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Weights in working order (boiler pressure, 250 Ib): 


On drivers, lb 

On trailing truck, front, lb 
On trailing truck, rear, lb 
On front truck, lb 

Total engine, lb. 

Total tender, lb 

Total engine and tender, lb 


Wheelbases: 


Driving, ft 

Driving, rigid, ft. 

Total engine, ft 

Total engine and tender, ft 


« Wheels, diameter outside tires: 


Trailing truck, front, in 
Trailing truck, rear, in 
Front truck, in 


« Journals, nominal diameter: 


Driving, main, in 
Driving, others, in 
Trailing truck, front, in 
Trailing truck, rear, in 
Front truck, in 


Boiler (extended wagon-top type): 


Steam pressure (weight on drivers, 246,000 lb), lb. 
Steam pressure (weight on drivers, 264,000 lb), lb 
Diameter, first ring, inside, in. 

Tubes, 66 in number, diameter, in 

Flues, 194 in number, diameter, in. 

Length over tube sheets, ft. . 

Grate area, sq ft 


Heating surfaces: 


Firebox and “+ eee chamber, sq ft 

Arch tubes, sq ft 

Thermic siphons, sq ft.. 

Tubes and flues, sq ft 

Total evaporation, sq ft 

Superheating, sq ft 

Combined evaporation and superheating, sq ft 


Tender: 


Water capacity, gal.... 

Fuel capacity, tons 

Wheels, diameter, in. 

Journals, normal diameter and length, in 


Weight proportions (boiler pressure, 235 Ib): 


Weight on drivers + total engine weight per cent 
Weight on drivers + tractive force.. 4 : 
Total weight engine + comb. heating surface 


Boiler proportions (boiler pressure, 235 Ib): 


Tractive force + comb. heating surface. . 


Tractive force X diam. drivers + comb. heating surface.... 


Firebox heating surface + grate area 


Firebox heating surface per cent of evap. surface... . 


Combined heating surface + grate area 


Weight proportions (boiler pressure, 250 Ib): 
eight on drivers + total engine weight per cent 
Weight on drivers + tractive force 


Boiler proportions: 
Tractive force + comb. heating surface 
Tractive force X diam. drivers + comb. heating surface 


APPLICATIONS 

The driver application was made without adjustable mecha- 
nism. Hardened steel trunnion guides are mounted on the 
bearing housings centrally pivoted to permit of the housing 
following track irregularities while maintaining full surface con- 
tact with the hardened steel liners on locomotive frame. 

The forces due to piston thrust, therefore, are transmitted and 
absorbed in a complete train of moving parts composed of 
hardened steel. These comprise the pedestal liner, trunnion 
guide, hardened wear plates on the bearing housing, and the 
inner and outer races of the bearing, together with the rolls. 
The mounting construction is shown in greater detail on the 
elevations and cross-sections of the locomotive (Figs. 1 and 2). 
The accessibility of the bearings for inspection at major shopping 
periods is illustrated by a view of the axle assembly (Fig. 3). 

The complete housing of the driver axles and the use of bear- 
ings restraining the axle on a complete circle of 360 deg eliminate 
pounding while under steam and while coasting, and, together 
with careful proportioning of reciprocating parts, permit of 
operation of 73-in. drivers at speeds of 85 mph. 

The engine truck follows in general the construction of the 
driver. It utilizes the integral split housing, the trunnion guides, 
and one bearing for each wheel. The trailer trucks are de- 
signed for direct replacement of plain bearings, making no change 
in trucks, pedestals, or springs. The trailer is an outboard 
application and requires the double-bearing construction. The 
tender truck is likewise designed for direct replacement, using 
tender trucks, pedestals, equalizers, and springs designed for 
A.R.A. plain bearings. 

The booster was applied on the locomotive to increase the 
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acceleration, to increase the starting power and utilize the full 
boiler capacity in starting, and to handle heavy trains without 
helpers over ruling grades, especially where stops must be made on 
these grades. The booster has been found especially valuable in 
handling heavy passenger trains in mountainous territory with- 
out helper service. The booster is equipped on the crankshaft 
with two double bearings, and the idler gear is equipped with the 
Timken quad bearing. The application of roller bearings to the 
booster permits of its operation at higher speeds, and experience 
has confirmed the practise of dropping in the booster on adverse 
grades at speeds of 22 mph, holding approximately this speed 
over the top. The booster bearings have been examined periodi- 
cally when trailer wheels were removed for attention to tires and 
have been found in perfect condition. 

The lateral motion of Alco design and construction is applied 
on No. 1 driver. The lateral motion involves no change in 

bearing housing, but the trunnion guide is provided with 1!/,-in. 
total lateral freedom, with respect to the pedestal liner, whereas 

the lateral freedom on drivers 2, 3, and 4 is '/4 to 5/;, in. The 
lateral motion device on the front driver permits of free operation 
over 20-deg curves and limits the rigid wheelbase to 12 ft 10 in. 
It is of interest to note that the lateral freedom on all drivers after 
_ two years’ operation measures the same (within 0.0020 to 0.0037 
in.) as when the locomotive left the shop. This is an indication 
that the desired lateral freedom in drivers having been ascer- 
tained, this freedom can be built into roller-bearing housing con- 
struction with the expectation that it will not be subject to 
_ change over a period of years of service. 

Crosshead guides and valve link operate in open atmosphere 
and are subject to the lapping action of dust and grit. An effort 
_ was made to reduce the wear of these parts by making the cross- 
head guides and the valve links of Timken bearing steel. This 
steel has a tough core with approximately 6 per cent alloy and is 
cased approximately '/, in. deep to eutectoid to develop a sur- 
face material of exceptional wear-resistant characteristics. The 
crosshead slipper is lined with tin, as this permits atmospheric 
dust to imbed in the soft tin and avoid cutting the crosshead 
guide, and in addition the guide is of sufficiently hard material 
so that atmospheric dust and grit, composed largely of silica, 
does not wear and abrade the guide. The experience of two 
years indicates the soundness of this selection of materials, as 
the crosshead guides show very little evidence of wear and have 
- taken on an exceedingly high polish of great hardness. 

The link and link block of the same material and treatment 
have about 0.010 in. looseness after two years and have not re- 
ceived any attention and do not now require any. It is of 
interest to note that the crosshead slipper operates at a tem- 
perature of 20 to 30 deg above atmosphere. 

The side-rod bearings are of the floating bushing type. The 
main and main side-rod floating bushings are of the conventional 
type. Pins 1, 3, and 4 have hardened bearing-steel bushings 
pressed in the rods. These bushings have a spherical bore of a 
radius approximately equal to the distance between wheels. A 
floating bronze bushing operates between the pins and the 
fixed steel bushing and has parallel bore and o.d. crowned ap- 
proximately the same as the spherical bore of the steel bushings. 
This results in an equal distribution of wear on the pins and may 
have assisted in prolonging the life of the pin bearings. 

Reciprocating parts were given special thought and were 
reduced in weight in accordance with the best American prac- 
tise. The specifications given the builder, the American Locomo- 
tive Company, was a speed of 85 mph with a dynamic augment 
not exceeding 10,000 lb. This is 12 miles in excess of diameter 
speed and was made available by the use of low-carbon-nickel 
steel, as per specifications of the International Nickel Company 
in the main rod, side rods and pins, and the use of the hollow 
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piston-rod, heat-treated steel castings for crossheads, of composi- 
tion developed by Union Steel Castings Company. The total 
reduction in reciprocating parts per side under conventional 
practise of locomotives of similar capacity is 460 Ib. 

The balancing system is of the cross-balance type, involving 
distribution of approximately one-half the overbalance on the 
main drivers and the other half of the overbalance distributed on 
pins 1, 3, and 4. 

The detailed attention given to reciprocating parts and balanc- 
ing system, together with the complete housing of the axles of the 
roller bearings, has produced a locomotive of exceptionally 
smooth operating characteristics. The operation in the 70’s is 
exceptionally smooth, and vibration is not excessive at 85 mph 


Driver MountinG Taper BEARINGS AND Lower 
HowstnG IN Position 
(Far view of assembled housing.) 


F Lubrication of the drivers and of truck wheels is accomplished 
by immersing the bearings in a bath of oil. The oil level is ap- 
proximately '/, in. below the enclosure level, permitting the 
rolls to dip into lubricant at each revolution. The straight-line 
elements of the taper roller bearing permit of close running clear- 
ances between the axle sleeves and the enclosure. These close 
clearances fill up with heavy ends of the lubricant and form an 
effective seal. The lubricant has been changed but three times 
in two years’ operation, and the added lubricant between changes 
has been slight. 


RO.LLER-BEARING INFLUENCE ON LOCOMOTIVE DESIGN 


The introduction of the roller bearing modifies in a number 
of ways the characteristics of the locomotive, which can be 
briefly enumerated. 

Thrust plates are eliminated entirely. The thrust reactions 
due to curvature or flange thrust from any cause are taken on the 
roller-bearing surfaces of the tapered bearings, and no provision 
need be made anywhere in the locomotive for thrust plates. 
Maintenance due to the presence of thrust plates is eliminated 
entirely. 

The engine-truck wheels do not require the large hub surface 
on the inside, and wheels of symmetrical design, having hub 
diameters the same on both sides of the web similar to those 
used in tender service, provide the best construction for roller, 
bearing engine trucks. This method provides a stronger wheel 
inasmuch as the heat treatment is more uniform, the cost is 
reduced, and likewise the unsprung weight. The four years’ 
experience with the engine-truck wheels indicates an increase 
in life. The life of the wheel is limited by tread wear only. 
The heat rise of the bearings is about 15 deg, and consequently 
checking of the thrust surfaces of plain bearings is entirely elimi- 
nated. A number of engine trucks have operated in excess of 
400,000 miles without wheel replacements. 

Axles can be selected for stress and deflection only; no provi- 
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TABLE 1 STARTING 72,000 POUNDS FROM ERIE 


Drawbar 

dyn. car Grade Actual Factor Tonin 

roll correction effort adhesion train 
2348 
2603 
2137 
2697 
2107 


164. 75 2/500 72,500 2602 


: Total ane on driver plus weight on rear booster axle = 264,000 
+ 59,000 = 323,000 lb. Factor of adhesion equals total weight divided by 
starting effort. Booster used in all of the starting efforts. 


sion need be made for wear. The temperature rise varies from 
15 deg at the front end of the engine to 40 or 50 deg under the 
tender. No provision need be made in the axle as regards in- 
creased diameter to provide for wear. Use of the roller bearing 
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‘Fie. 4 Locomotive, Startine Drawsar Putt, 


Curve 1 
a (Erie test 136-A, Kent to Meadville east.) ae 9 
will permit of the axle to be made of alloy steel with treatment to 
develop the superior physical properties of alloy steel, the reason 
being that the axles are not subject to heat checks due to daily 
cycles of high temperature and ultimate cooling. The axles 
on the Timken engine are composed of carbon-vanadium normal- 
ized steel. The driver axles were of uniform diameter, 111/; 
in. This reduced the diameter of the main from 1 to 1'/; in. 
under corresponding plain-bearing original equipment. 
- The bearing housings are provided with separate oil pockets 
for each bearing on the engine truck and drivers. This avoids 
the flow of lubricant from one side to the other on tracks of high 
super-elevation. 

The reduction in vibration 


| 920 2900 DRAWBAR PULL | 


is communicated to the drivers at point of contact with the rail, 
and consequently the power “input” to the locomotive for 
given ‘“‘drawbar pull’ is reduced. A saving in friction can be 
conservatively estimated at 12 per cent. The reductions follow- 
ing this modification would be that the adhesion factor should 
be slightly higher if the locomotive was not modified in any other 
respect, and on the other hand, the experience to date would 
indicate that the cylinder capacity could be reduced in accordance 
with the saving in friction. Probably the best compromise would 
be to split the saving in power and put one-half of it in reduced 
cylinder capacity and the other half in reduced factor of adhe- 
sion. The adhesion factor of the Timken locomotive is 4.14. 
This gives uniformly good service, but comment has been made 
of slipperiness under bad rail conditions. 

The subject has been carefully studied, and the opinions of ex- 
perts on the subject have been sought. The opinion of one 
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Fie. 5 Timken Locomotive, STARTING DRAWBAR PULL, 
CurvE 2 
(Erie test 134-A, Marion to Kent east.) 


locomotive expert was that locomotives have always slipped and 
always will slip under certain conditions, even though the factor 
be made 100 to 1. The fact that the roller-bearing engine is new 
has made it a target for criticism on any point that is even 
slightly different from conventional practise, and if a slip would 
occur it would be blamed on the roller bearings even though 
plain-bearing engines had slipped over identical track for one- 
hundred years under certain atmospheric conditions. On an 
observation on one railroad over a distance of more than 450 
miles, with full tonnage train, there was noted only a slip of half a 


following the use of roller bear- -_——« 
ings indicates a reduced main- | 
tenance expense on accountof 
the noticeable absence of loose 
bolts and loosened clamps and whee < SPEED 
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broken pipe connections, these 
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features being frequently com- 


mented upon by railroad men 


servicing the locomotive. 

The factor of adhesion is 
modified in certain respects with 
the introduction of the ro!ler : 
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bearing on drivers. A higher 
percentage of the piston thrust 
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dozen sevelutions on poorly maintained curved track at the 
ladder of a yard. 

The starting characteristics of the locomotive on roller bearings 
_ is materially changed. The Timken engine has a normal starting 
drawbar pull of 63,700 lb, based on conventional formula. It 
has been frequently observed 
to develop starting power of 
68,000 to 69,000 Ib. Table 1 
from Erie tests gives the data 
number of starts in excess 
of 72,000 lb with booster; some 
of these starts are in excess of 
80,000 Ib, the maximum being 
87,998 lb. Two starts, curve 
1 (Fig. 4) and curve 2 (Fig. 5), 
on Erie test at m.p. 206 and 
m.p. 267 indicate speed, grade, 
and test conditions and illus- 
_ trate the high momentary surge 


PERCENT GRADE 


RR- 56-1 

Pennsylvania in New Y ‘ork—Chicago service, the mail trains on 
the same road in New York-St. Louis service, the “Sportsman” 
on the Chesapeake & Ohio, the ‘“‘Erie Limited” the ‘“Merchants 
Limited” on the New Haven, 109 runs on the Lackawanna in 
passenger service between Scranton, Pa., and Hoboken, N. J., 


27 


89 
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at starting. The sustained 
power in starting is over 80,000 


Ib and illustrates also the effect 
_of drawbar pull at the point 


of cutting off the booster. The 
added starting power contrib- 


consequent taking up of slack 
when the throttle is opened. 
The freedom from train surging with the roller-bearing locomotive 
has been frequently commented upon in passenger service. The 
curve 3 (Fig. 6) illustrates a drifting test on the Erie. The loco- 
motive in drifting on a 21-ft grade at a speed of 33 mph developed 
a drawbar pull of 2900 lb on the dynamometer car. The pull 
of the locomotive on the train continued on an ascending grade 
of 10.6 ft to the mile, with a gradual decrease in train speed from 
37 to 29 mph, at which point the throttle was opened. The train 
had 6 loads and 68 empties, a total of 2128 tons. The reduction 
in wear and tear of couplers and draft equipment on account 
of the continuous stretching of either freight or passenger trains 
is a valuable feature of the roller-bearing locomotive. 


PERFORMANCE RECORD 


The performance record has been ably presented in the trade 
publications. The locomotive performed with equal efficiency 
in passenger and freight service, and of the 119,586 miles, 51,655 
miles were in freight service (43 per cent) and 67,931 miles were in 
passenger service (57 per cent). 

Passenger service includes operation on some of the fastest 
American trains, among which are the 20-hour mail trains on the 
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the “Lehigh Limited,” the ‘Sunshine Special’ on the Missouri 
Pacific, the “‘Aristocrat” and “Overland Limited” on the Chicago, 
Burlington & Quincy between Lincoln, Neb., and Denver, Colo., 
and four months of hauling the “North Coast Limited” on the 
906-mile run over three ranges of the Rocky Mountains between 
Missoula, Mont., and Jamestown, N. D. 

The locomotive has handled all varieties of freight service, 
the heaviest being a 9960-ton coal train on the Chesapeake & 
Ohio. The outstanding freight service is the handling of heavy 
fast-freight trains at high speed on the New York Central, 
Pennsylvania, Erie, Boston & Maine, Lehigh Valley, Nickel 
Plate, Missouri Pacific, Chicago, Burlington & Quincy, and 
Northern Pacific. 


A non-stop run, Altoona to Enola on the Pennsylvania, 124 

miles, with 115 cars weighing 8625 tons, was at an average speed 

of 25.7 and evaporated 8.33 Ib of water per pound of coal. This 

trip was at a work rate of 221,427 gtm per train-hour, exclusive of 
locomotive. 

A merchandise train was hauled between Crestline and Ft. 
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Wayne, on the Pennsylvania, consisting of 102 cars of 3986 tons, 
a distance of 131 miles, at a rate of 41.5 mph, at an evaporative 
rate of 8.2 and work rate of 165,457 gtm per train-hour. 

Twelve passenger-equipment cars were handled unassisted on 
the east slope of the Alleghanies over a uniform mountain grade of 
1.9 per cent, compensated. 

Pennsylvania train No. 52, ‘‘New Yorker,’”’ Chicago to Crest- 

dine, made the 280 miles in 274 min running time. 

The heaviest train hauled was on the Chesapeake & Ohio and 
comprised 134 coal cars, weighing with locomotive 10,219 tons. 
The run was made at the rate of 212,000 gtm per train hour. 

The ‘‘Erie Limited” was handled between Hornell, N. Y., and 
Salamanca, N. Y., making up 25 minutes in a distance of 82 miles 
at an average speed of 59 mph. 

The assignment on the Boston & Maine, a total of 35 runs being 
made, involved operation at temperatures of 20 deg below zero. 
An outstanding run was a train of 86 cars, 2040 tons, hauled 112 
miles at a rate of 33.7 mph in sub-zero weather. 

The passenger service on the Lackawanna was outstanding, 
involving 109 runs between Scranton, Pa., and Hoboken, N. J. 
This includes the Pocono mountain grade and long grades over the 
hills of northern New Jersey. A Lackawanna run working the 
engine to the limit was train No. 12, March 11, 1931, 11 cars, 
which left Scranton 56 min late, was detained 13 min at Strouds- 
burg, and made up the 69 min lost time in 112 miles running. 
The run over the division was made with 9 tons of coal. Speeds 
of 78 mph were attained on ascending 0.4 per cent grades. 

The average speed of 54.8 mph in passenger service on the 
Lehigh Valley is outstanding. This involves running for long 
distances at speeds in excess of 70 mph. 

On a Lehigh Valley freight run, Manchester to Sayre, 2410 
tons, 67 cars, 89 miles were made in 1 hour and 52 min. 

An interesting passenger run, which was repeated twice, was 
that of hauling of 18 passenger-equipment cars, including 13 
Pullmans, over the Ozark Mountain grades on the Missouri 


-_ 
Pacific between St. Louis and Poplar Bluff. These runs en- 
countered maximum grades of 2.1, and the practise followed was 
to approach the grades at speeds of 50 mph, and as the speed fell 
the booster was dropped in at 22 mph, and in the three runs the 
train was handled over Tip Top grade at speeds of 15, 17, and 19 
mph. These trains average 1260 to 1290 tons, and indicate with 
booster a tractive capacity approximating 80,000 lb. The chart 
(Fig. 7) shows the profile and speed which this train made, as 
taken from the valve pilot record. 

An outstanding passenger-service record was on the Northern 
Pacific, where the ““North Coast Limited”? was hauled between 
Jamestown, N. D., and Missoula, Mont., a distance of 906 miles, 
which includes three Rocky Mountain ranges with grades of 2.2 
and several grades of the Black Hills between Glendive, Mont., 
and Mandan, N. D. There were 19 trips made on this run, 
which developed and showed the adaptability of the roller- 
bearing equipment for long continuous service. 


OPERATING TEMPERATURES 


The normal temperature rise of the bearings varies from 15- 
deg rise on the engine truck to 40-deg to 50-deg rise on the tender, 
the interesting feature being that the temperature rise of the 
drivers is only 15 to 20 deg above atmosphere. The normal con- 
dition of bearing housings in zero weather is with frost adhering 
to the bearing housings and the end of the axles. The photo- 
graph (Fig. 8) illustrates the condition of frost adhering to the 
engine truck and the driver axles and to trailer and tender 
boxes. 


MAINTENANCE 


The maintenance work consists of the normal engine-house 
attention, including replacement of rod bearings, brake shoes, etc. 
The entire demonstration of two years’ time, 120,000 miles, over 
every condition of topography and temperature, with mid-winter 
assignments on the Boston & Maine and Northern Pacific and 
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TABLE 4 SUMMARY OF ALL RUNS IN PASSENGER SERVICE 


New York, 
New Haven Lackawanna Lehigh 
& Hartford & Western 


Erie 
N umber of runs 
Average running speed, mph 2. 89 
342 
Locomotive-miles 
Train miles 
Number of Cars 


Coal, tons 


Chesapeak 
20 
339 


Water, gal. 

Car miles To 
Average lb coal per car-mile.. 
Running time, hr Tota. 
Train hours 98. 
Average lb water per 8.24 


BeaRiInG Lire ExPecTANCY 


The trailer and tender bearings have been examined from time 
to time. when servicing wheels. A few hairlines have developed 
on one roll of the trailer bearing and which has continued without 
change for six months. It does not require replacement or re- 
newal. 

The driver bearings were removed and minutely examined at 
the conclusion of the demonstration period. The cups (outer 
races) and rolls showed no evidence whatever of wear. The 
driver cones (inner races) showed very slight wear, visible only 

_ under a microscope. As a matter of experiment the removal of 


—. 


Totals 
and 
average 


Chicago, 
Burlington Northern 
Quincy Pacific 


Delaware, 
Missouri 
Pacific 


that the wheel bearings, with the exception of driver cones, 
should have a normal life expectancy of 1,000,000 miles, the 
driver cones having a life expectancy of one-half that figure. 
This presumption is further borne out by the study of the condi- 
tion of the engine-truck bearings after 400,000 miles’ service, 
which show no appreciable evidence of wear, and is supplemented 
further by the study of the original roller-bearing applications on 
the Milwaukee Road, many of which have now crossed 1,000,000 
miles, and which have been studied in detail over the past seven 

years. 
An axle assembly of engine-truck bearings removed from a 
Michigan Central engine, having run 303,756 miles, is illustrated 
in Fig. 9. The disassembly was 


a in. of metal in regrinding removed the microscopic evi- 


5000 


made on account of wheel 
change and developed the per- 
fect condition of the bearings 
after two complete shopping 
periods, approximating 153,000 
miles each. These bearings did 


not show sufficient wear to indi- 
cate any reasonable percentage 
of life expectancy, having been 
given up in service. A number 
of engine-truck bearings have 


a 


been examined with similar re- 
sults at mileages between 400,000 
to 500,000. 

The rod-bearing life is appar- 
ently increased while operating 


x C&O Dynamometer Car rest 
© Erie Dynamometer Car Test > 
© Lehigh Valley Dynamometer Car Test 


on roller-bearing drivers, as is 
evidenced by Table 2, which 
shows the replacement of rod 
bearings. A number of the bush- 
ings on each of the main-rod and 


side-rod applications have op- 
erated in excess of 60,000 miles, 
which is about double the aver- 
age life expectancy of these bear- 
ings. The probability is that 
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q 
4 Speed in Miles per Hour 
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ie dences of wear. The cones have been returned to service without 
other modifications (some of the cones were not touched) to study 
_ further the development of wear. The indications from the study 
of the bearings at the conclusion of the demonstration period, 
visualized against the accumulative available information on 


Service of of roller bearings in all kinds of industries, would indicate 


rod bearing life is increased on 
account of the greater accuracy 
of alignment of driver axles in 
the roller bearings. 

The availability is definitely increased by the roller bearings. — 
The operation for two years in a wide variety of services without 
any bearing trouble whatever, and which for long periods of 
time involved the dispatchment of four divisional trips each 24 
hours, is an indication that the use of the roller bearing increases 
the availability of the locomotive by 50 per cent. ee 
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The record of fuel and water consumption is indicated in the 
summaries of freight runs (Table 3) and passenger runs (Table 4). 
The lowest average was on the Chesapeake & Ohio, of 38.3 lb 
of coal per 1000 gtm, but individual runs on this road were as 


low as 26 lb of coal per 1000 gtm. 
7000 


of the tender, particularly in view of the high steaming capacity 
of the boiler. The survey of American roads indicated the pres- 
ence of a number of 90-ft turntables at critical points, over which 
it was desired to operate the locomotive, which by limiting the 
overall wheelbase to slightly less than 90 ft, placed decided limita- 


Favorable loads and favorable grades favor 
low coal consumption. A fair average is that 
of 53.6 and 55.5 lb of coal per 1000 gtm on 
the New York Central and the Pennsylvania, | 
which average covers a wide variety of ser- 


vice over typical trunk-line roads. A ten- 6000 
dency is noted for fuel consumption to increase 
on the Western roads. Much of this is due 
to the lower fuel value of the coals available 
to the Western roads, this being particularly 


true of the Montana coals and some of the 


fechanical Efficiency 


Tractive Effort in 10 Lb 


coals available on the Burlington and the 
Missouri Pacific. The coal consumption on 
the Erie of 91.6 is on account of operating in 
the rolling country between Meadville, Pa., 
and Marion, Ohio, against frequent ruling 


wer 


grades of 1 per cent. 

An exact comparison with comparable loco- 
motives in identical service was not made 
available during the demonstration, but the 
study of such records as are available would 


indicate that the roller-bearing locomotive op- _ 3000 


erated at rates of 10 to 30 lb per 1000 gtm $ 
below that of the plain-bearing locomotives. & 
The fuel consumption is in general one-half ° 
of that published by the Interstate Commerce 5a 
Commission, which, however, is not strictly asses 


Mechanical Efficiency in Per Cent 


comparable on account of the latter records 
including all service and all power. 

The locomotive was, in general, operated 
at full capacity and frequently ran for long 
distances at cut-offs longer than 60 per cent. 


Indicated Horsepower 
* Drawbar Horsepower 


This was made possible on account of the ee ]/ e 
free-steaming characteristics of the Timken ; 

locomotive boiler and which encouraged road 
foremen and enginemen to work the locomo-— 

tive at full capacity. The fuel consumption 

could have been greatly improved provided 0 

effort had been made to operate the cut-offs in Miles Hour 


not in excess of 50 per cent, with the particu- 
lar object in view of fuel economy records. 
The attitude of the owners of the locomo- 
tive, however, was to encourage the railroad people to work the 
locomotive to the limit so as to develop the capabilities of roller 
bearings, and therefore the only efforts at fuel economy were 
voluntary on the part of engine crews and road foremen. 

In consideration of the wide variety of services encountered and 
generally with strange crews, totaling approximately 840, un- 
familiar with the locomotive, and the prevailing attitude of attempt- 
ing to work the new machine to the limit, taken all together the 
performance record of fuel and water is truly remarkable and is 
an indication of the economy records possible with completely 
equipped roller-bearing locomotives, where economy in fuel 
rather than demonstration of bearings is the prime object of the 
test. 

The tender is built on a General Steel Casting tender bed and 
has a capacity of 21 tons of coal and 14,000 gal of water. It is 
equipped with a cupola for the accommodation of the owners’ 
observer. The operation of the locomotive and the fuel per- 
formance have been modified adversely by the water capacity 


Fig. 11 Powsr PerrorMaANncs, TIMKEN Locomotivs, Lesies Test, Curve 5 


tions on tender capacity. The performance of the locomotive as 
regards increased average speed and fuel economy would have 
been materially improved had the tender capacity for water 
been increased to 21,000 gal. 


MECHANICAL EFFICIENCY 


Dynamometer-car tests were made on the Chesapeake & Ohio, 
Erie, Lehigh Valley, Nickel Plate, and Northern Pacific. A 
number of readings of the Chesapeake & Ohio, Erie, and Lehigh 
Valley tests have been plotted. In addition to the dynamometer- 
car record, a limited number of indicator-card tests were avail- 
able—the Lehigh Valley from both cylinders and the Northern 
Pacific on one side. 

The drawbar horsepower readings, taken from the Chesapeake 
& Ohio, Erie, and Lehigh Valley tests, with the locomotive work- 
ing to capacity or nearly so, are indicated on curve 4, Fig. 10. 
High readings were available on the Erie on account of the fre- 
quent 1 per cent grades with tonnage trains. The C. & O. read- 


RAILRC 

100 

i 
| 

40 

3 

VA 

Ag 

a) 

big 


+ 
32 TRANSACTIONS OF THE AMERICAN SOCIE TY OF MECHANICAL ENGINE ERS” 


ings were made with heavy coal trains on a water-level division. Economic VaLvE or ROLLER BEaRrines 

The Lehigh Valley tests were made on the Seneca division over The value of the roller bearing in locomotive construction is 
rolling country. The outstanding feature of this diagram is the _ reflected in a number of ways. Some of these advantages can be 
evaluated, and while others are 
present and recognized, the defi- 
nition of value is more difficult 
zs, to determine. The advantages 


are as follows: 


x 


1 Reduction in mainten: ance 
2 Reduction in consumption 
of lubricants 


Reduction in consumption 
Stationary Plant Test Stationary Plant Test of fuel 

2-10-0 Type 303x352" 4-6-2 Type 27x 28" = 
Plain Bearing Locomotive Plain Bearing Locomotive Reduction in consumption — 


of water 
Increased development of 
power, a conservative fig- 
ure being 10 per cent 
. 
about 50 per cent. 

These advantages are subjec t 

to evaluation and can be capi- — 
20 30 40 50 | _ talized; and in addition the fol- 

Speed in Miles per Hour ) BF lowing conditions are present, 


Fig. 12. Timken Locomotive DyNAMoMETER Car Tgst, Curve 6 = tad but are more difficult to evalu- 
(Plotted points indicate efficiency from Lehigh and Northern Pacific test.) > . ate: 


Per Cent 


Mechanical Efficiency in 


8 


1 Increased permissible speed 
development of 4000 drawbar horsepower at speeds in excess of 2 Engine-house force reduction _ 
36 mph under favorable train and grade conditions. 3 Elimination of axle failure due to heat checks aa 
The power performance showing mechanical efficiency is in- 4 Reduction in rod maintenance 
dicated on curve 5, Fig. 11. This is compiled from readings of 7 
the Lehigh Valley and the Northern Pacific. The mechanical 


efficiency varies from 90 to 96 per cent, although a reading is 
available at 97!/2 per cent. The high efficiency, as indicated on 
the tests, is confirmed by the low temperature rise of the wheel 
bearings, particularly the driver bearings, this average being 15 
to 20 deg above atmosphere. 

The mechanical efficiency of roller-bearing and plain-bearing 
locomotives is shown on curve 6, Fig. 12. The roller-bearing 
curve is transferred from curve 5, Fig. 11. The plain-bearing 
curve is taken from the stationary plant test of a 2-10-0 freight 
locomotive for the lower speed range and a 4-6-2 passenger loco- 
motive for the higher speed range. The stationary plant 
readings for the plain-bearing locomotive omits the effect of 
windage and track resistance. Strictly comparable tests would 
tend to increase the spread between the roller-bearing and plain- 
bearing curves. 

The increased capacity of the roller bearings, as applied to the 
locomotive, is indicated on curve 7, Fig. 13, which is combined 
from curves 5 and 6 and is plotted to show the increased locomo- 
tive performance resulting from the roller bearing. This in- 
creased capacity for work varies from 10 to 13 per cent, averaging 
12 per cent. A conservative assumption is that the roller- 
bearing locomotive can be reduced in size 10 per cent to perform 
equally with plain-bearing locomotives, or, conversely, locomo- 
tives identical with a roller-bearing locomotive could be ex- 
pected to produce an increase of 10 to 12 per cent with roller 
bearings. 

The service performance record confirms the test data in that 
the roller-bearing locomotive consistently exceeded the perform- 
ance of similar-sized plain-bearing locomotives with identical 20 30 40 
cylinders and pressure and equaled, and at times exceeded, the ae ee a 
performance of engines having 1 in. to 11/2 in. increased cylinder Fic. 13 DrawsBar Horsepower, ROLLER-BEARING AND 
diameter. The plain-bearing cylinder capacity in some cases Pisin-Baanme Locomorivs, Curva 7 


‘ : (Based on mechanical near: for roller-bearing locomotive, Lehigh test, 
was 20 per cent in excess of the Timken engine 1111. ,and plain-bearing stationary test.) 


Per Cent Increase 
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Drawbar Horsepower 


23 
ey 
> 
= 
> 
= 
« 
50 
ite 


Fie. 14 


The approximate cost of roller-bearing equipment, including 
bearings and housings and application parts for the 4-8-4 loco- 
motive, not including tender, is $8000. 

The bearing-replacement charges on the basis of an annual 
mileage of 168,000 and a life expectancy of wheel bearings, except 
driver cones, of 1,000,000 miles, and driver cones 500,900 miles, 
would be $1500 per year. 

Saving in maintenance and lubrication, based on data ac- 
cumulated during the roller-bearing-locomotive demonstration 
period, would vary from $3900 per locomotive year for territory 
with light grades to $6700 per locomotive year in heavy service 
in mountainous territory. This is on the basis of : 


1 Attention during running 
Maintenance at terminals 


3. Semi-monthly inspection 
t Replacement of bearing brasses 
5 Replacement of hub liners _ 
6 Saving in lubrication, 
aVandg 
= 
= 
/ en 


PASSENGER-EQUIPMENT ROLLER-BEARING LAYOUT 
(Wide-pedestal type, 5'/: by 10 in.) 


The net maintenance saving, after deducting the bearing- 
replacement charges, would vary from $2400 to $5200 per year. 

Fuel economy, based on average machine efficiency of 86 per 
cent for the plain-bearing locomotive and 93 per cent for the 
roller-bearing locomotive, would vary from 750 tons to 1200 tons 
per year, this representing an annual saving of $1500 in the 
lighter service to $2000 in the heavier service. 

The locomotive operating cost would therefore be reduced in 
amounts from $3900 annually in light service to $7200 in moun- 
tainous service, corresponding with direct returns on investment 
of 49 per cent and 90 per cent, respectively, the high return cor- 
responding with the greater severity of service. 

The return of bearing investment, in addition to economy in 
operation due to savings in maintenance, fuel, and lubrication 
would also include a factor on account of increased availability 
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of the roller-bearing locomotive and an account of increase 
in power, averaging 12 per cent—in conservative figures, 10 per 
cent. 

An increase in availability of 50 per cent on an investment of 
$80,000 is equivalent to $40,000 to be written off in the life of, 
say, 20 years, or $2000 a year. 

An increase in power of 10 per cent on an investment of $80,- 
000 can be evaluated at $8000, which in a life of 20 years is worth 
$400 annually. 


pas see 


Fic. 15 Tests In SuMMER OF 1930 on LoapEp Cars 
(Per cent of saving, with distance operated, Timken cars run in 500 miles.) 


; 


Fic. 16 Tests WINTER OF 1931 on LoADED Cars 
(Per cent of saving, with distance operated, Timken cars run in 6800 miles.) 


tht 


The increased value of the roller bearings in locomotives on 
account of increased power development and increased avail- 
ability would be worth approximately $10,000 or considerably in 
excess of the purchase price of the roller-bearing equipment. . 


RoLLER-BEARING Rop APPLICATIONS 

Considerable study has been devoted to the application of 
roller bearings to main and side rods, and methods have been de- 
veloped that will permit of the application of roller bearings to 
these parts. 

A unique device avoids the transmission of twisting and ex- 
traneous loads, incident to locomotive operation, to the bearings. 
The application avoids an increase in rotating parts carried on the 
pins, as compared to plain bearings, on the basis of using carbon 
steels in the rods. The advantages of the roller bearing, involving 
long continuous runs, reduction in maintenance, and economy in 
lubrication, are available without sacrificing maximum speed per- 
formance or increasing dynamic blow on rails. 

An interesting feature of the roller-bearing study is that the 
main and side rods have practically uniform sections and permit 
and facilitate the use of alloy steels, developing higher physical 
properties. The roller-bearing application on the basis of using 
alloy steels effects reductions of 25 per cent in reciprocating and 
rotating parts and permits of increase of speed of 12 to 15 per 
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cent with the development of dynamic augment corresponding 
with plain bearings with diameter speed. 

This increase in permissible speed has a high economic value 
and improves the position of the railroads as regards meeting com- 
petition of other forms of transportation. The higher speeds 
will permit of reducing train schedules to the extent of 10 to 15 
per cent and will place the railroads in a position more in keeping 

“with present-day economic demands for high speed. 


PASSENGER-EQUIPMENT APPLICATIONS 


The improved service and advantages resulting from the use 
of roller bearings in locomotives apply with equal force in passen- 


7 


total mileage in Pennsylvania service is in excess of 47,000,000 
miles, and it is an interesting example of durability and reli- 
ability that in this mileage a train detention has never been 
charged to Timken bearings. 

Freedom from hot boxes is a general characteristic of the 
tapered roller bearing in passenger service. 
Greater availability follows the use of the roller bearing, inas- 

-much as inspection is only necessary at monthly intervals, and 


equipment can therefore be dispatched with no delays at ter- 


-minals on account of bearing inspection and maintenance. 
An absence of surging is particularly noticeable on complete 
roller-bearing trains, this resulting from a uniformly low rolling 
resistance of the roller bearing, 
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and particularly the low resis- 
tance at starting. 


LTEST 202 Reduced cost of maintenance 
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on equipment generally follows 
the use of the roller bearing on 
account of the absence of surg- 
ing in service, and in particu- 
TESTI7S ~— larly the reduced blow to draft 
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Z tiie gears, couplers, and sub-frames 
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FREIGHT-EQUIPMENT APPLICA- 
TION 


Freight-train equipment pre- 
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Testiez TEST 164 
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/ sents a field for the application 
tesri74 of roller bearings which in 
value to the railroads should 


RUN BEFORE TEST. RON BEF 


rank next to the successful 
application to the locomotive. 
The development of the freight- 
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car application has been slow. 
The great surplus of freight 
equipment has practically 
stopped the purchase of new 


S RON BEFORE TES 
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(Timken cars run in 6800 miles.) 


a f ger equipment, and as a consequence the tapered bearings are 


generally used in this service. A distinguishing feature of the 
passenger mountings is the outboard construction, using double 
bearings in pedestal mounting with increased width of pedestal 
opening. 

A typical installation is shown in Fig. 14—a 5'/;-in. by 10-in. 
application as adapted to General Steel Casting four- or six-wheel 
trucks, 

INSTALLATION 

The Milwaukee Road made the first large passenger installa- 
tion on Timken bearings. This involved the complete equipment 
of the “Pioneer Limited,” for service between Chicago and 
Twin Cities, and the “Olympian,” operating between Chicago 
and Seattle. The original equipment, numbering 127 cars, was 
placed in service in 1927. The Milwaukee Road has since ex- 
tended the installation of roller bearings to 153 cars, which in- 
clude coaches, Pullmans, and diners. The accumulative mileage 
of these cars to June, 1932, is 116,000,000 miles, the average mile- 
age per car being in excess of 1,000,000 miles. ha 
PENNSYLVANIA TIMKEN PASSENGER EQUIPMENT : 


The Pennsylvania has 204 passenger-equipment cars in main- 


line coaches, dining cars, gas-mechanical, and multiple-unit 
electric cars, the original installations being made in 1927. The 


35 40 45 freight rolling stock, but not- 


Fig. 17 Coup Trst, Loapgep Cars, WINTER oF 1931 withstanding these conditions, 


ee the Timken Company has con- 
tinued the development of 
the application of roller bearings to the freight car in the belief 
that ultimately the value of the development will be recog- 
nized, and with the return to more nearly normal business condi- 
tions utilizing the reserve of rolling stock, the purchase of new 
freight cars would initiate the gradual introduction of roller 
bearings in freight service. 
Freight-car roller-bearing development has involved the con- 


in capacities of 40, 50, 70, and 100 tons. These cars were built 


Sea testing, and arrangement for operation of equipment 


_ singly or in groups of two or three to develop the characteristics 


of specific constructions. 

The 100-car train has been tested as regards service for a total 
of 3,000,000 car miles, and in complete trains or in single cars has 
been tested under the following conditions, in comparison with 
plain-bearing cars of identical capacity. These tests comprise 
running resistance tests, both in summer and winter conditions, 
empty and loaded. The tests were made starting cold and after 
obtaining equilibrium temperature. There were starting tests 
for complete trains, starting tests for single cars, acceleration 


_ tests for complete trains, and tonnage rating tests for complete 
trains. 


The data, as regards running tests and starting test of single 
cars in addition to the accumulated service of the 100 cars over a 
period of three years, permit of drawing reasonable deductions 
as to the value of roller-bearing equipment in railroad service. 
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The freight service improvement by roller bearings, from the 
data derived from the tests, supplemented by service records, 
can be listed under the following headings: 

The break-away resistance of the roller-bearing cars, as de- 
veloped in 115 tests, was slightly in excess of the low-speed rolling 
resistance, as compared with the break-away resistance of the 
plain-bearing cars, which is ten or more times the lowest rolling 
resistance. ‘This characteristic should be reflected in reduction 
_ of wear and tear in couplers, draft gear, and car bodies, and in 
reducing the strain on locomotives in starting. 

The running-resistance tests indicate a reduction in rolling 
resistance of the roller bearing throughout the entire speed range. 

_ The reduction is considerable in starting cold trains amounting to 
approximately 40 per cent. 

A reduction of 16 to 28 per cent, varying with weather condi- 
tions, is indicated after ten miles of operation. 

The reduction at equilibrium point, attained after approxi- 
mately 20 miles of running where the temperature of the plain 
bearing ceases to rise, averages 11 per cent. The reduction in 
rolling friction with loaded cars under summer and winter condi- 
tions, at starting, after running 3 miles, 10 miles, and 20 miles 
is indicated on two curves shown in Figs. 15 and 16. The four 
points are a general average of 170 running tests and 115 starting 
tests. The shape of the curve between the points, particularly 
between 0 and 3 miles operation, is conjectural. The normal 
resistance as controlled by load and temperature conditions, and 
which control the shape of the curve between the 0 and 3-mile 
points, is probably attained in the first few hundred feet of opera- 
tion. 

The winter tests are more nearly representative of the compari- 
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The equilibrium test on a loaded car is the best indication 
available of the comparative rolling resistance of cars with the 
two types of bearings. A general reduction of the roller bearing, 
ranging from 18 per cent at 10 mph to 9 per cent at 45 mph, is in- 
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Fic. 19 First ACCELERATION TEST 
(Relation between drawbar horsepower and speed.) 


dicated in Fig. 18. It will be 
noted that on account of the 
| wide varying of conditions af- 
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friction, a number of the tests 
show results slightly above or 
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below the average. This is 
indicative of the need for a 


: fecting rolling resistance, in 
| 
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addition to the roller bearing 
TEST 1165 


TEST 195 much greater number of tests 
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TEST 180, 


before definite conclusions can 
be drawn. The 170 tests, 
spread over a wide variety of 
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conditions, do not give any 
points to locate a curve repre- 
senting specific conditions; 
however, it is the best data 


TEST 


available. A fair check is pro- 
vided by plotting the curve 
through points at various 


speeds from 10 to 50 mph, and 
where nearly all of these points 


PERCENT) SAVING © 


TIMKEN) CARS. 


PERCENT 


show a logical curve, the in- 
fluence of the erratic tests in 


0 5 20 30 
SPEED — MILES PER HOUR 


(Timken cars run in 6800 miles.) 


son in rolling friction of the plain and roller bearings, as these 
tests were made with plain-bearing cars well run-in after several 
years of service and with roller-bearing cars after one year of 
service, averaging 6800 miles. 

The comparative frictional resistance of loaded cars under 
winter conditions, after running 3 to 10 miles, is indicated on the 
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Fie. 18 Tests, Loapep Cars, WINT#R 1931 


40 45 


locating the curve can be con- 
siderably reduced. 

The test data and the experi- 
ence available with roller bear- 
ings indicate a wide divergence at starting, and the comparable 
rolling resistance of the plain and roller bearings converge at 
approximately 25 mph with a parallelism of the curves above that 
speed. The data available in the comparison of plain and roller 
bearings in steel-mill service indicate greater divergence and more 
important economies, while other data available for higher 
speeds and heavy loads, available in the copper-rolling industry, 
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indicate still further economies in favor of the roller bearing. 

Acceleration tests, while limited in number, furnished indica- 
tions that roller-bearing trains can be accelerated to predeter- 
mined speeds in less time or with less power, and given the same 
power, will attain a certain speed in a shorter distance. Curves 
showing acceleration tests are shown in Figs. 19 to 22. The curve 
in Fig. 20, representing relation between drawbar horsepower and 
“speed, is of interest in showing a temperature rise in attaining a 
speed of 25!/2 mph for the roller bearing of zero, whereas the 
temperature rise of the plain bearing in attaining a speed of 24 
mph is 54 deg. 

Starting tests on complete trains, made in limited numbers, 
gave indications that trains of equal weight can be started with 
plain or roller bearings, with trains having full slack, and 0.3 
per cent grades. 

The increase in the size of the stretched train that could be 
started with identical locomotive on roller bearings was 76 per 
cent. A total of 76 cars were started with either type of bearing 
in a slack train, but with a stretched train 65 roller-bearing cars 
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Fie. 20 First ACCELERATION TEST 
(Relation between time and speed.) 


and 37 plain-bearing cars developed the full capacity of the 
identical locomotive. 

Hot boxes, based on experience from October, 1925, on the first 
cars built and including the experience of the 100-car roller-bear- 
ing train, indicate that hot boxes are eliminated as a factor in 
railroad operation by the roller bearing. There have been no hot 
boxes to date. 

Reduction in car maintenance is indicated by the experience 
with the 100 cars, with over 3,000,000 car miles without repairs 
to bearings or related parts and without a recorded repair to car 
bodies. While the experience is limited, a reduction in mainten- 
ance with roller bearings is indicated. 

Increased speed of transportation should result with use of 
roller bearings. Speed limitation, as imposed by plain bearings, 
is eliminated entirely. It was found that 50 mph was the maxi- 
mum permitted speed of the loaded 70-ton equipment as used in 
the running tests. The roller-bearing cars were operated at the 
top speed of the freight locomotive, namely 65 mph, without 
appreciable heat rise, but the plain-bearing cars developed hot 
boxes with such frequency at speeds of 50 mph as to cause the 
abandonment of the test program with plain bearings at the 


plain bearings in passenger service and in general freight com- 
modity service, but with reduced axle loads. It is expected that 
increased truck competition will force higher railroad speeds. 
Economy in fuel should follow the reduction in rolling friction 
throughout the entire speed range from 5 to 50 mph. An 
economy of 10 per cent on level track would be equivalent to a 3 
per cent saving on a normal heavy tonnage grade of 0.3 per cent 
and would be equivalent to 1'/2 per cent on a 1 per cent grade. 
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Fic. 21. Frrst AccELERATION TEST ler 
(Relation between distance and speed.) id > 
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Fig. 22. First ACELERATION TEST 

(Relation between time and distance.) 


Fuel saving is affected by many other variables, but a general 
average could be expected. 

Improvement in coupler and draft-gear service should follow 
the use of roller bearings on account of the 90 per cent reduction 
in effort required in break-away and the 75 per cent reduction in 
starting a stretched train. 

An increased capacity of locomotives to haul larger trains or to 
haul equivalent trains at faster speeds is a natural corollary in the 
reduction of rolling friction. 

The weight reduction is a factor of importance, amounting to 


4400 lb per 70-ton car, which, with the identical rail load, in- 


creases the value of the car for hauling commodities. 
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BETTER PLywoop ADHESIVES NEEDED 


- HE limitations of recognized plywood adhesives have been 

; a severe handicap to the veneer and plywood industries, 

j seriously retarding their development of known and 

_ promising plywood types and products. The recognized com- 

_mercial wood adhesives in the United States, until within the 

last two years, might be termed wet glues, and consist chiefly of 

either animal or vegetable matter. All of these fluid glues, 

animal, vegetable, casein, albumin, soya bean, and their com- 

 binations, have been found inadequate to meet the wonderful 
opportunities in the plywood fields immediately ahead. 

Partly for this reason, and partly because of inefficient pro- 

motion, the veneer and plywood industries have been severely 

: 3 restricted in their growth, while the metal and synthetic sheet 

_ material industries, with broader vision, have made big inroads 

ef into the well-recognized woodworking fields. It is a truism that 

a an inferior but well-promoted product will often be accepted in 

_ place of an intrinsically better product that is not well presented. 

It is seldom possible to find new uses or new fields for plywood 

products because of the lack of proper adhesives and the dearth 

of necessary industrial research. It has been well said that 

* plywood is no stronger than its glue line, and a glue of limited 
_ scope is a severe handicap in every way. 

It is a fact that today, and for some time to come, the facilities 
for producing plywood are far in excess of the demand, and 
unless new uses and new fields are found, the industry faces a 
drastic curtailment of volume. Consequently it is incumbent 
on the industry to carefully analyze and evaluate all new materials 
offered to determine to what extent the old limitations are over- 
come. 


PLywoop ProGreEss AssuRED BY Dry GLUE FILM 


‘The ideal wood adhesive is one which is of a uniform quality, 

which can be laid or spread in an even coating, which gives a 

_ perfect glue bond, and which can be applied economically. Dry 
glue film stands ready to meet all of these conditions in an effi- 
cient way. The dry glue film process eliminates many complica- 
tions that beset the manufacturers of fine veneered work because 
dry glue film is simpler to apply than wet glues; in fact, all of the 
untidy and unpleasant mixing and spreading operations in wet 
gluing are wholly removed from the plywood factory by the 
use of dry glue film. Properly manufactured glue film contains 
in each square foot of surface precisely the same quantity of 
glue, of equal quality, of uniform composition, of exactly the 
same bond strength, and of the same standard thickness. 

The entire industry is certain to benefit greatly by the intro- 
duction of dry glue films for the fabrication of veneers, non- 
porous substances, and insulating materials into a new and wider 
range of plied-up combinations. The extent of the benefit to 
the industry will depend upon the degree that this dry glue film 
overcomes the known limitations of the commonly used wet glues. 


PROBLEM OF Woop MolsturE IN PLywoop GLUING 


The industry has long known that warping, winding, and twist- 
ing in plywood is greatly influenced by the moisture content of the 


1 Formerly Secretary, Tego Gluefilm, Inc.; present address, 131 
North Western Parkway, Louisville, Ky. 
Contributed by the Wood Industries Division and presented at the 


Semi-Annual Meeting, Chicago, Ill., June 26 to July 1, 1933, of THe 
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Dry Film Gluing in Phew sad Manufacture 


a 
By RAY SORENSEN,' LOUISVILLE, KY. 


wood. It is also true that the strength of plywood varies widely 
with its moisture content. Only when properly dried wood is 
used can an acceptable product be obtained. It is much easier 
to dry the individual plies before gluing, such as lumber cores, 
veneer cores, or outer veneers, by an efficient and reliable drying 
process, than it is to dry the jointed, glued, and veneered plywood. 

When using fluid glues containing a high percentage of water, 
which we have termed wet glues, these problems will be par- 
ticularly great. The percentage of water contained in glues 
cannot be kept uniform nor can it be kept within certain limits. 
There is no possibility of regulating the influence of moisture 
on the glued plies. How deep the glue moisture penetrates into 
the plies to be glued depends greatly on the structure, dryness, 
thickness, density, and temperature of the wood, as well as on 
the consistency and composition of the glue. It is of prime 
importance in gluing to have not only even spreading, but also 
standard quality and predetermined consistency of the glue. 
It is known that many variations occur when glue is mixed in a 
plywood factory, regardless of the care exercised in its prepara- 
tion. 

The industry has been aware of the many disadvantages of 
wet glues and has tried to find or to perfect ways of evaporating 
part of the glue moisture after spreading and pressing, but with 
only mediocre success. These endeavors have inevitably opened 
the field to the development of the dry glue film. 


EARLY DEVELOPMENT OF Dry GLUE FILM 


In the early development of dry glue film it was discovered 
that it was impractical to produce a dry glue film having as a 
base the ordinary wood adhesives. The possibilities of dry glue 
films have had the attention of various individuals for a number 
of years, and as a result a dry glue film has been gradually de- 
veloped, improved, and finally marketed. 

The adhesive power to wood of phenol-formaldehyde con- 
densation products has long been known, but their general use 
or commercial application has been prevented because of the 
expense or cost. 

The qualities offered by phenolic resin as a wood adhesive 
were quickly recognized, and attention was then turned to the 
application of the resin product, whether as a colloidal solution, 
dry film, or powder. Many attempts were made by industries, 
both in this country and in Europe. About nine years ago a 
German research and chemical manufacturing company set out 
to perfect the use of phenolic resin as a commercial wood ad- 
hesive, which meant bringing it to the simplest form of applica- 
tion and within a cost range for general adoption by the plywood 
industry. The final result, after seven years of research, was 
the development of a phenolic resin dry glue film. Dry glue 
films have proved to be very simple, clean and quick in their 
application, and to eliminate many of the disadvantages unavoid- 
ably involved in the wet glues of today. 

Because it is the first scientifically manufactured form of 
adhesive which at all times has the correct quantity and quality 
of glue, and sets up for the first time a scientific method of ply- 
wood manufacturing, it presents a distinctly new method which 
promises to revolutionize the present form of applying and 
using wood adhesives. There being but one dry glue film com- 
mercially recognized and used today, it may be considered 
typical of a class that is in the development stage. 

As mentioned before, the industry has long felt the need of 
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better adhesives which would permit it to seek new uses and new 
fields for its products. It has been repeatedly shown that many 
new outlets for plywood are necessary in order to enable the 
industry to continue its sturdy progress. The newly developed 
dry glue film answers this need and permits the industry to 


proceed to enter these new markets. 


The dry glue film, as marketed today, might well be termed a 
sheeted synthetic or phenolic resin film because, as mentioned, it is 
a phenol-formaldehyde condensation product. The film is to be 
had in various weights, to meet a wide range of requirements. 
For example, what is termed a standard film which meets all 
ordinary conditions as an adhesive for plywood, is a 60-gram 
film. This means that over a given area the film contains by 
weight 40 grams of resin and 20 grams of paper, which is the 
carrier required in producing the film. This paper or carrier 
must be thin, porous, and fibrous, so as to permit a uniform 
impregnation of adhesive on both sides. It must be tough 
enough not to break in handling and so porous that under the 
influence of heat and pressure the adhesive will thoroughly 
penetrate the carrier and eliminate any tendency for the glue 
joint to separate. Film can be furnished with a greater or less 
amount of resin, according to the requirements demanded as an 
adhesive and the type of materials to be laminated. The shear 
values resulting from such variations are shown in Table 1. 


Types AND GRADES OF Dry GLUE 


TABLE 1 SHEAR VALUE OF TEGO GLUE FILM — 


(In pounds per sq in. as influenced by different proportions of 
resin on the same carrier) 
Pressure: Mahogany 142, and Birch 284 Ib per sq in. 
Time in Press: 10 
Temperature: 130 C 
Moisture Content of Veneer: 
Resin coating Mahogany 


Approximately 10% 
“ply, in. 


The standard glue film, described as 60 grams, is the last in the table, 
having 40 grams of resin and 20 grams of paper carrier. 


TABLE 2 SHEAR VALUE OF SINGLE AND DOUBLE LAYERS OF 
TEGO GLUE FILM BOND 


(In pounds per square inch) 
fui in., 3-ply, All Birch 
essure: 284 lb per sq in. 
Time in press: 10 min 
Temperature: 130 C 
Moisture Content of Veneer: 


10% 


Double —_sésiIncrease, 
layer 


312 


445 


Resin coating 

per sq meter, Single 
er layer 
21 248 
40 298 


In case more than 40-gram coating is required, as in gluing metal 
to wood, it is practicable to use two sheets of dry film glue in 
each joint. While this does not double the bond strength, still 
it does result in a substantial increase, as shown in Table 2. 
It is frequently advisable to use double layers where the surfaces 
are rough, requiring more glue bulk, or where veneers vary 
slightly in thickness. 

The standard width is 51 in., but can be made up to 82 in. 
Rolls will average over 3900 ft in length, and a 51 in. X 3900-ft 
roll will weigh 225 Ib crated, containing approximately 17,000 
sq ft. 

APPLICATION OF Dry 


The assembling of veneer into plywood with dry glue film 
methods demands an entirely different technique than that which 


has been commonly employed with the usual wet glues. The 
dry film glue, being a phenolic resin, is thermoplastic and thermo- 
setting, which now permits the fabricating of plywoods without 
the introduction of water into the carefully dried veneers, as is 
necessary with the wet glues. 

The film glue being thermoplastic and thermo-setting, the 
— is accomplished with heat and pressure, requiring a hy- 


SHEAR VALUE IN POUNDS PER SQUARE INCH 


100° 0° 120° 130° 
TEMPERATURE CENTIGRADE 


140° 


Cuart 1 INFLUENCE OF TEMPERATURE ON Fitm JoINTs 
IN., 3-PLy 


Glued at 10% moisture content in 10 min time, with 284 lb per sq in. 
otted line is test after immersion. Full line is dry test before immersion.) 


_draulic hot plate press. With the application of both heat and 


pressure at the same time, as is had uniformly with the modern 
type of hydraulic hot plate presses, the resin film polymerizes 
and becomes both insoluble in water and chemically inert. 
This method of producing a bond with the dry film glue might 
be termed “vulcanizing,” and has for the first time set up a 
laminated panel in which the fibers of the adjacent plies are 
brought directly in contact with one another. In fact, the 
adjacent plies might be said to be welded to each other. Thus 
the bond obtained has in reality converted the several original 
plies into an ultimate panel of solid material, and this has been 
done without the internal stress and strain which is often so 
troublesome. 

The dry glue film process eliminates the expensive redrying 
methods which have to follow gluing with wet glues. The 
industry has spent « great deal of time and money to set up 
proper methods for this subsequent redrying necessary to remove 
the glue moisture. Woods vary in their structure and density, 
making it impossible to accurately control the drying process, 
which is often the cause of distorted plywood and checked faces. 

Inasmuch as the dry glue film is only 0.005 in. thick, entirely 
new demands must be made as to the pressure required. The 
hydraulic hot plate presses must be designed and built to new 
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standards of accuracy as to the deflection of its members. The 600 


maintenance of proper temperatures on the entire surface of the 


plates is of extreme importance. 7 
1 RELATION oF HEAT, Moisture, PRESSURE, AND TIME = 


e 4 When gluing with dry glue film there are four variables to be 
_ considered, namely, temperature or heat, motsture, pressure, and 
time. All are closely related to one another in producing a 
_ satisfactory bond with resin adhesives, but it is best to consider 
the influence of each factor separately. The strength value 
of each of these variables in relation to the others has been 
_ accurately determined and charted. The accompanying charts 
1, 2, 3, 4 show definitely the strength of the bond obtained 
when varying the factors and prove conclusively that the lami- 
nating of plywood with dry glue film may be considered a scien- 
tifically controlled process. A careful study of the series of 
charts will readily show that when the same combinations of 
variables are repeated, the value or strength of the bond obtained 
comes within close limits, if the same or similar woods are 
used. 
1 Influence of Temperature or Heat. The dry glue film, 
_ being a phenolic resin and thermoplastic, requires a definite 
amount of heat and a predetermined time to set up or produce 
polymerization. 
Chart 1 clearly indicates the influence of heat for a given 
_ period of time, and demonstrates the greater shear values of the 
bond as the temperature is increased. In preparing these charts 
it will be noted that certain standard time, pressure, moisture, 
and heat factors have been established, to show relative com- 
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parative values with one another. The construction of the — ene . 


SPEcIFIC PRESSURE - POUNDS PER SQUARE INCH 
500 Cuart INFLUENCE OF PRESSURE ON GLUE 


3/16 In., 3-Pty Brrcu 


(Glued in 10 min time, with 10% moisture content in veneer. Dotted 
lines are tests after immersion. Full lines are dry tests before immersion.) 


plywood used is a 3-ply panel, */,. in. thick, all plies '/, in. 
birch. 

The solid line indicates the strength of the bond when testing 
the plywood in a dry state, having an average moisture content 
of 7 to 8 per cent. The dotted line indicates the strength after 
soaking in water at room temperature for 48 hr. It will be 
noted that while the value obtained when testing the bond after 
soaking is somewhat lower than the dry test, this does not 
mean that the glue line has weakened to this extent, but rather 
that the tensile strength of the fibers of wood are lower in a wet 
state. It is also a fact that the shear value of the dry glue film 
bond always increased when redried after soaking. 

In studying this chart it will be readily observed that the in- 
crease of temperature in a given time materially increases the 
strength of the glue bond. For instance, a panel glued at a 
temperature of 100 C for 10 min at a pressure of 284 lb 
per sq in. and with a moisture content of 10 per cent, 
has a shear value of 66 lb per square inch. With all other 
factors remaining the same and the heat increased to 140 C, 
the shear value increases to 396 lb per sq in. The same increase 
is proportional to a lesser extent in the wet test. Increase of 
heat in a given period of time always produces a better glue 
bond. 

In the manufacture of dry glue film the resin has been pre- 

cured to a definite point, and it will be observed on all the charts 

ini 20% that a temperature no higher than 140 C has been shown. Tests 

have proved that no material increase in the bond is found at 

Cuart 2 Inrivence oF Moisture Content oF Woop on GLUE temperatures beyond 140 C, but any increased temperature 
4 ie aol above this has no detrimental effect upon the curing of the resin. 

fa Tx = Wen Re The wood itself is the item that must be kept in mind when 

of 188 C, 206 emploving high temperatures. The gluing temperature of 140 C 
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SHEAR VALUE IN PouNDS PER SQUARE /NCH 


5 : 20 
TIME OF PRESSURE - MINUTES 

Cuart 4 INFLUENCE OF TIME OF PRESSURE ON GLUE FiLM JOINTS 

3/16 In., 3-PLy Brrcw 


(Glued at 284 lb per sq in., and 10% moisture content. 
plywood test. 


Full line is dr 
Dotted line is plywood test_after 48 hr immersion. 
temperatures are given in Centigrade.) 


required for dry glue film does not damage the quality of the 
wood. 

This has been proved by a number of tests, especially those 
of Professor Dr. Otto Gerngross of the Technical University of 
Berlin, as shown in Table 3. While the table refers only to birch 
and fir, these are taken as typical of the hardwoods (deciduous) 
and the softwoods (coniferous). It is to be noted that both 
species have a strength increment of more than 10 per cent due 
to simultaneous heat and pressure. The heat alone on the birch 
does not alter the strength value, but heat alone on the fir will 
carry the strength value to that of combined heat and pressure. 
This is due to the natural rosin content of the coniferous wood 
that is equalized and hardened by the heat. 


TABLE 3 EFFECT OF HEAT, WITH AND WITHOUT PRESSURE, 
ON TENSILE STRENGTH OF SINGLE-PLY VENEER 


Specimens tested: in. X 4 in. X °/e in. Birch and Fir veneer 
Temperature: 140 C 
Pressures and tensile strength given in lb per sq in. 
Tensile Strength 
Before After 
heat heat 


Time, 
min 


Specific 
Species pressures 
Deciduous (Hardwoods) 
ire 45 7892 
ch 15 8788 
ous (Softwoods) 
45 5631 


Fir : 20 6541 


7864 
8674 


6897 
6826 


Bir 
Conifer 
Fir 


Adapted from article in ‘‘Sperrholtz,’’ 1930 (S-382) by Prof. Otto Gern- 
gross, of Berlin, Germany. 


When gluing with dry film glue it is always safer to employ 
the higher temperatures, but seldom over 140 C. This usually 
depends on the type of material to be laminated. 

2 Influence of Moisture Content in Wood. Methods of 


gluing with dry glue film differ from those of ordinary wet 
gluing because the natural moisture in the wood is not increased 
by glue water. Experiments have shown that, regardless of 
the type of glue used, warping and wavy surfaces in lumber 
core plywood are not only caused by irregular thickness and 
resistance against compression by the core, but that they also 
occur if the moisture content of the core exceeds 5 to 6 per cent. 
This limit of moisture content, however, does not apply to cross- 
banding and outer veneers. 

It will be noted from chart 2 that the shear value or bond 
strength depends to a great extent on the moisture content of 
the veneers. A careful study of the chart shows the bond that 
can be obtained when using a dry glue film that is several months 
old, which is the average age of the film when used. This is 
indicated by the solid line, while the dotted line represents the 
bond obtained when using a freshly manufactured film about 
ten to fourteen days old. 

A certain amount of moisture is necessary to plasticize the 
resin, and this moisture may come either from a freshly made 
glue film or from the veneer. Consequently it is important to 
regulate the moisture of the veneer within safe operating limits. 
The chart indicates that freshly made glue film must be used 
where veneers are substantially less than 4 per cent moisture 
content, but that even better joint strength is obtainable from 
aged glue film when the veneer is between 4 and 12 per cent 
m.c., which is the normal condition found in veneer as stored 
in the average warehouses. It is obvious that this eliminates 
the ordinary redrying required prior to wet gluing. 

Experience has proved that the most useful medium for the 
moisture necessary in plasticizing dry glue film is the cross- 
banding in 5-ply construction. This is so situated in the assem- 
bling operation as to supply the required moisture to the dry 
glue film adjacent to both the core and face. It has been pointed 
out that excessive moisture in a lumber core is dangerous, and 
it is apparent that surplus moisture in face veneer may result 
in open joints or hair lines and checks. 

It might be mentioned that in gluing very fragile face veneers, 
such as highly figured crotches and burls, tests have shown a 
moisture content of about 6 per cent to be the most satisfactory. 

3 Influence of Specific Pressure. The pressure applied on 
the surface of the plywood is the specific gluing pressure, or, as 
it is frequently called, the platen pressure in pounds per square 
inch and should not be confused with the higher pump pressure 
that is required. The application of pressure with dry glue film 
is no different than when gluing with wet glues, except that wet 
gluing usually requires 75 to 150 lb specific pressure, while dry 
gluing ranges from 150 to 250 lb and in some instances up to 
300 Ib per sq in. The amount of pressure exerted on a panel 
depends on the density of the wood and the construction of the 
plywood. 

It is also indicated on chart 3 that the strength of the glue 
line increases with additional pressure. The maximum pressure 
depends upon the compression loss in plywood thickness that 
can be allowed. Some woods and synthetic boards will crush 
under 50 lb, while denser woods and non-porous synthetic prod- 
ucts will permit greater pressure. Consequently the adhesion 
on the softer products will not be as great as on the harder 
materials. The average compression percentages on the com- 
moner woods are given in Table 4. 

4 Influence of Time of Pressure. The time required to com- 
plete the bond, which is often referred to as gluing time, is 
generally understood to be the time that elapses after obtaining 
the correct specific pressure and until the reopening of the press. 
It is also essential that the temperature of the plates is secured 
before closing the press. The gluing time depends chiefly upon 
the time necessary for the heat to penetrate from the steam- 
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heated platens through the aluminum cauls, the outer veneer 
and crossbanding, or to the film farthest from the source of 
heat. 

Mention has been made of using aluminum cauls. They 
retard the penetration of heat but a very few seconds and are 
used to facilitate the handling of the stock in and out of the 
press. 

Chart 4 readily indicates that a strong bond can be obtained 
in 3 min when employing temperatures in excess of 130 C. The 
ordinary '°/,-in., 5-ply construction as is commonly manufac- 
tured for tops, requires an average of 12 min to complete the 
bond. It will be noticed from this chart that the increase of 
time materially increases the strength of the glue line. 


TABLE 4 COMPRESSION FACTORS IN PLYWOOD 


Construction: 3-ply 
Time of Pressing: 10 min 
Temperature: 130 C 


> 


- Pressure: Lb per sq in. 
Species Plywood Specific Compression, 

J wood thickness pressure per cent 
213 6.8 
284 32.0 
213 15.3 
284 39.0 
213 3.1 
284 9.3 
213 9.1 
284 15.2 
213 4.5 
284 13.3 


Again it is shown that the waterproofness of the glue line 
increases with the gluing temperature and elapsed time the 
material remains under pressure. 


Hypravtic Hot PLate Press 


The hydraulic hot plate press is not a recent development. 
Its origins, as adapted to plywood, date back some fifty years 
in Europe. The modern hot plate press is the result of the 
progressive development of the plywood industry based on scien- 
tific and practical research. The comparatively recent develop- 
ment of dry glue film has revolutionized this press industry in 
the United States, since the low unit pressure of wet gluing 
processes permitted a comparatively light-weight press, while 
dry gluing requires higher pressures and sturdier presses. 

1 Plate Design. The modern hydraulic hot plate press for 
“high pressure is fitted with plates of special alloy steel having 
good heat conductivity and high compressive strength. The 
steam channels, bored in the plates, are accurately drilled and 
properly spaced to insure uniform distribution of heat on both 
surfaces. The maintenance of equal heat is essential in dry 
_ glue methods and this type of plate fully answers these require- 

ments. This is in contrast with the old style plates used for 
low pressure in gluing with thermo-setting wet glues, which 
consisted of relatively thicker (2 to 4 in.) sections with unevenly 
distributed steam channels. The high tensile strength of the 
alloy steel plates permits the use of thinner plates, averaging 
1'/, in., substantially increasing press capacity. The surfaces 
must be machined accurately so that their parallelism insures 
uniform pressure on the plywood, otherwise a serious variation 
of thickness (crushing) and uneven glue bonds might occur in 
the finished plywood. Step devices are provided to suspend 
the plates in the open press. 

2 Upper and Lower Platens. The press head, or the upper 
platen, should be a one-piece heavy steel casting to insure a 
maximum deflection of 0.003 in. The deflection in the cold 
press is seldom serious since it is distributed over 30 in. of content, 
or a clamped bale, while in the hydraulic hot plate press, there 
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Cuart5 INFLUENCE OF MOLD AND FUNGI ON DIFFERENT PLYwooD © 
GLUES 


(Dotted line, wet glue in cold press. Full lines, wet glue in hot press. Full — 
line with dots, dry film glue in hot press.) 


is usually but one panel between each pair of plates, or a content — 
of less than 1 in., and the whole deflection may come in each | 
panel. The lower platen, or head, should also be a one-piece 
casting and together with the plates should be well aligned and 
guided during the opening and closing of the press to insure 
against displacement. 

3 Pump System. The modern hot plate press must be — 
equipped with a satisfactory hydraulic pump system to insure ~ 
rapid closing in not more than 30 sec and also to maintain — 
accurate continuous pressure. The temperature of the plates — 
is usually thermostatically controlled to maintain a constant — 
heat. The pump system should be so designed that after — 
reaching the maximum pressure it will ease off smoothly. 

4 Mechanical or Manual Loading. While many of the 
smaller presses are manually operated, as to loading and un- 
loading, the larger presses are equipped with automatic charging 
devices as illustrated in Fig. 7. In some instances the charging 
equipment is designed to operate similarly to the lumber lift. 


This permits the loading and unloading of the openings, or 


“day-lights,” of the charging device at the level of the truck or — 
table used. 
5 Cauls. Aluminum cauls, usually 1/;. in. thick, are used — 
to facilitate the loading and unloading of the assembled ply- 
wood. The aluminum caul is a good conductor of heat, requiring 
but a few seconds for attaining the temperature of the steam- 
heated platens, especially when under pressure. For this reason — 
the aluminum caul should not be used to retard the penetration — 
of heat, or to compensate for slow acting pump systems. _ 


TECHNIQUE OF PROCESSING 


The preparation of the face veneer, cross bands, and cores does 
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not differ from regular methods employed for ordinary wet 
gluing, except as to the moisture content of cross bands and 
face veneers. 

1 Tapeless Face Jointing. A great deal of time and attention 
has been devoted to discovering some means of eliminating the 
paper veneer tape used in splicing face veneers and cross bands. 
Attempts have been made to perfect a thin fibrous paper tape 
to be applied to the under side of face veneers, so that when the 
gluing operation is completed the surface of the plywood will 
require no sanding other than the ordinary polishing for finishing 
purposes. 

As the plywood comes from the hot plate presses when glued 
with aluminum cauls, the surface has a very high sheen or polish 
and requires no sanding by the plywood manufacturer if the face 
veneers are free of tape. Some recent developments have been 
made in perfecting a tapeless veneer splicer as shown in Fig. 1. 
This machine has been designed along the lines of the ordinary 
veneer splicers. Prior to splicing the faces, the edges of the 
veneers are coated with a good grade of animal glue and allowed 
to dry. The glue is usually applied immediately after jointing 
and before the pressure is released in the jointer. The veneers 
are passed through the splicer and under heat units, which 
redissolve the animal glue and set it. The speed at which the 
stock can be jointed or welded depends on the number of spindles 
built in the machine. For example, a four-spindle machine will 
weld approximately 35 lineal feet of !/:s-in. veneer a minute. 

The elimination of taped faces will greatly reduce the cost of 
plywood manufacturing, especially in the sanding departments. 
It also permits the manufacture of plywoods, utilizing narrow 
veneers, with absolutely waterproof joints, having no tape re- 
maining under the joints to decrease the strength of the dry glue 
bond. 

Development work is now being carried on to produce a veneer 
tape manufactured from dry glue for use on the standard paper 
tape veneer splicer. 

2 Dimensioning the Dry Glue. Film. There has been some 
question as to the proper method of cutting dry glue film to 
dimension sizes. This is clearly illustrated in Fig. 2. Usually 
the operator cuts the film on the table, as shown, to multiple 
dimensions that will recut to several smaller sizes. The re- 
cutting is completed on an ordinary veneer clipper. It is not 
practical to attempt to cut the film to final size in single sheets 
on a veneer clipper because of the extreme thinness of this film. 
The film is supplied in various widths up to 82 in. wide; there- 
fore the waste can be held down to a minimum. 
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Fig. 1 A Four Spinpite Tapetess VENEER SpLICER FOR EDGE 
Un1TING VENEER WITHOUT THE USE OF THE CONVENTIONAL VENEER 


Tarps. Tue CHAIN Freep PrinciPLe Is SHowN EMPLOYING STEAM 
or ROLLS FOR THE THERMO-SETTING 
ADHESIVE 


Fic. 2 Mertsop EmpLoyep In CuTrine THE Dry Fitm. THE 
Is MARKED IN INCHES TO ASSIST THE OPERATOR 
In CuTTING THE Fitm To Exact DIMENSION 


Fie. 3 THe Stmpie, CLEAN, AND QuicK MetHop or ASSEMBLING 
THE VENEER, CORES, AND Cross Banps, Prior To PressinG, Is 
CLEARLY ILLUSTRATED 


Fie. 4 THe ASSEMBLED PLywoop PLACED IN THE OPENINGS OF THE 
Hypravuuic Hor Puiate Press Just PrRIoR TO THE FULL CLOSING OF 
THE PRESS 


Fie. 5 Controt Unit EMpLoyep oN A Hypravuic Hor 
Puatse Press, AUTOMATICALLY REGULATING THE TEMPERATURE, 
SpeciFic PRESSURE, AND TIME OF PRESSURE 


Fie. 6 ReMovING THE COMPLETED PANELS FROM THE OPENINGS OF 
tHE Hot Press 
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3 Laying the Film. The laying of the dry film is very simple 
and requires a minimum time, as illustrated in Fig. 3. Piecing 
of the film or lapping of the joints can be done to utilize the 
small cuttings that might otherwise accumulate. 

4 Loading the Press. As mentioned before, in loading the 
press the stock is placed between aluminum cauls. Fig. 4 
shows a press loaded and in the process of closing. The charging 
of the different openings of the press, as well as the closing time, 
should be done as quickly as possible. With modern pumps the 
specific pressure required can be secured in 30 sec, avoiding any 
pre-curing of the film by heat before pressure is effective. An 
automatic control, regulating the pressure, temperature, and 
time, is shown in Fig. 5. 

5 Unloading the Press. The manual unloading operation 
is shown in Fig. 6. In this instance aluminum cauls were not 
used, due to the use of non-figured thick face veneers. Auto- 
matic loading and unloading devices are extensively used in 
Europe and are shown in Fig. 7. This equipment conserves 
press time and reduces the labor of the press crew. During the 
time of pressing, the moisture content of the veneer has been 
reduced to some extent. It is a common thought that im- 
mediately after the plywood is removed from the press, it begins 
to take on moisture. This is incorrect, as it will continue to 
give off moisture until the temperature of the plywood has 
fallen below 100 C. To hasten the manufacturing time ply- 
wood may be passed through a bath of water immediately after 
coming from the press and allowed to temper for several hours 
in bulk, after which it is placed on sticks and weighted for 
equalizing temperature and moisture content. 


Errect or ContTINuED Heat WitTHovut PRESSURE 


The problem of limited press output is certain to occur as the 
demand for dry glue film plywood increases. Two sheets of 
plywood can be placed in each press opening, provided suitable 
cauls are located between as well as above and below the plywood. 
Such a procedure is limited to plywood !/s; in. and thinner and 
will require only half as much additional time as a single sheet 
of plywood, increasing the press capacity 50 per cent. 

Another method of conserving press time is that of placing 
plywood that has not been completely plasticized in the press 
in heat-controlled kilns immediately after removal from press. 
This has the effect of continuing the heat treatment tu complete 
plasticization in the kiln, after the pressure element has com- 
pleted its function. 

The results of a series of tests indicate that the pressing time 
can be reduced at least one-half without sacrificing bond strength. 
Table 5 shows the trends of such a procedure, with the press 
conditions in the left-hand side of the table and the kiln condi- 
tions directly across on the right-hand side. 


ADVANTAGES OF Dry GLUE Firm 


There are many advantages to be secured when laminating 
with dry glue film. The process is simple and quick. The 
assembling of the layers can be done in a suitable room near 
the press, as the time between assembling and pressing is not 
limited. Care can be exercised in assembling of the veneers 


and cores, while the haste and rush now so characteristic of the 


glue room operations is overcome. 

The factor of time in gluing and conditioning plywood is 
reduced from days to a matter of hours. This time saving assists 
the manufacturer in meeting many urgent deliveries with utmost 
assurance of perfect material. 

Dry glue film permits the gluing of extremely thin, light-colored, 
and porous veneers of all kinds without any staining effects. 
Because of this non-staining quality the beauty of the wood is 
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Courtesy, Becker & Van Hullen, Krefeld, Germany 


Fie. 7 SHowrne LoapIne AND UNLOADING Devices on a Hot Puate Press, CARRIED ON OVERHEAD CHANNEL RaAlILs 


retained, finishing costs are lowered, and a rich, deep tone of 
artistic character is produced. 

The bond effected with dry glue film resin is not only water- 
resistant, but is actually insoluble in water and chemically inert. 
Extensive tests have not only shown the glue line absolutely 
waterproof, but on redrying after immersion the bond always 
shows increased strength. Not only is the bond chemically inert 
but it is resistant and retardant to the attack of mold, fungi, 
and bacteria. Tests show that termites and wood vermin will 
not attack plywood laminated with a phenolic resin film when 
layers are !/s in. or thinner. 

Chart 5 shows the life of various wood adhesives when sub- 
jected to the attack of mold and fungi.? It should be men- 
tioned that the time shown in weeks for full decomposition of 
the glues was partly absorbed by the building up of the mold 
culture. This time is shortened when subjecting the specimens 
to a culture of mold and fungi. For instance, in place of re- 
quiring approximately four weeks to decompose a casein glue 
line when applied in the cold method, the time is reduced to 
approximately ten days when subjected to a-culture. It will 
also be observed that the hot plate press method of gluing with 
wet glues not only increases their water resistance but also 
improves their resistance to the mold attack. This shows that 
all of the wet adhesives are subject to full decomposition, while 
the bond made with the film resin is 100 per cent resistant to 


2 Since preparation of this article Naval Aircraft Specifications 
No. 39P13a, April 1, 1933, provide: 

E-2c. The adhesive used shall be resistant to decomposition 
from mold, fungi, bacteria, and shall show a minimum average shear 
value of 250 lb per square inch when subjected to a culture of the 
above for a period of ten days. 


these attacks. Other tests show no deterioration to the bond 
after being exposed to the attack of mold and fungi for two years. 

The old theory that plywood must be made with a balanced 
construction has been disproved. It is now possible to produce 
2-ply panels with lumber core and face veneer with substantial 
economy and showing no distortion. Many new forms of 
construction not heretofore possible can be developed when 
gluing, without introducing moisture into the veneer or lumber. 

After gluing, plywoods can be placed in hot water or steamed 
without injury to the bond. This permits use of flat plywood 
construction in the forming of bent and curved products, and the 
resulting work is very satisfactory. 

The dry glue film bond will not react, thus eliminating a 
corrosive attack. 

It also has the quality of extreme flexibility. There is no 
crystallizing and cracking, and the bond cannot be destroyed 
by distortion. 

The dry film is completely dissolved under pressure and heat 
and for the first time has effected a bond which is stronger than 
the contracting and expanding power of wood, when subjected 
to excessive moisture. This is illustrated in Fig. 8, showing a 
3-ply flooring test, using °/;s-in. oak face and °/;.-in. chestnut 
core and back. The outer surface expanded in a one year’s 
immersion test some 5 per cent, while the glue side of the oak 
was held to approximately original dimension by the dry glue 
film bond. 

Dry glue film is very adaptable for the gluing of crotch and 
highly figured veneers in either a 5-ply construction or a 2-ply 
reinforced face construction. It insures these veneers against 
checking because the adhesive bond is stronger than the expan- 
sive power of the wood. For the same reason it also eliminates 
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the so-called hair-lining troubles which are so objectionable to 
all plywood and furniture manufacturers. 

Another interesting feature is that dry glue film has made it 
possible to use the low-priced Western coniferous woods for core 
materials, and veneer over them with a thin face (1/5 in.) veneer 
without showing the effect of the underlying grain in the coarser 
woods. Absence of moisture in the gluing is the chief factor in 
making this possible. 

There are many other advantages known and in the process 
of development, should space permit their discussion. 


REcENT ADAPTATIONS OF PLywoop To NEw Propvucts 


The plywood industry has been eager to enter broader avenues 
of trade, but up to the present time the handicap of the standard 
wet glues has seriously retarded such expansion. The wide 
range of opportunities for these newer types of plywood are 
briefly suggested. 

1 Construction Trades. To the building trade, dry glue 
film products offer a new material heretofore limited. The 
increased use of Ferroclad materials to meet fireproof require- 
ments has demanded an adhesive which will not corrode the 
materials and will not crystallize and decompose under rapid 
change of temperature and humidity. The adaptation of ply- 


TABLE 5 EFFECT ON PLYWOOD STRENGTH OF CONTINUED 
HEAT IN KILNS 


(After removal from hot ene 
Specific press: 285 lb per sq in. 


Shear tests: Wet or dry, in lb per sq in. 
Wet tests after soaking in water at room temperature for 48 hr 
Temperatures: Deg C, automatically maintained 
Time: Hr and min 
Pressing (before kilning) Kilning (after removal from press) 
ress Kiln 
© oe temp., Shear Shear Time, temp., Shear Shear 
—M. dry wet —M. Cc dry wet 
in., 3-ply, All Birch Plywood 
G~— 3 130 Nil Nil 0—30 140 253 253 
Nil Nil 253 264 
Nil Nil 176 275 
227 264 
Oo— 4 130 110 77 0—30 140 264 341 
116 77 264 341 
143 99 286 301 
123 84 271 328 
0O— 5 130 160 112 0—30 140 286 286 
165 118 286 275 
187 143 281 264 
171 124 284 275 
0o— 6 130 206 176 0—30 140 220 294 
211 184 242 319 
242 184 330 319 
220 181 264 310 
0— 7 130 242 206 0—30 140 253 268 
253 209 308 297 
in., 3-ply, All Birch Plywood 
0—10 110 187 94 : 0—30 140 429 462 
220 140 506 462 
264 Nil 519 308 
224 78 485 410 
Same Same Same Same 2— 0 90 358 266 
358 279 
352 232 
356 292 
Same Same Same Same 17— 0 90 341 365 
— 
in., 3-ply, All Birch Plywood 
110 187 94 O—10° 130 534 341 
220 140 484 319 
264 Nil 418 341 
224 78 478 334 


Re-pressed and re-heated by returning to press, as in case of under- 


plastidaed plywood, where kilns not available. 


Pt 
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wood to the building trade demands that the bond shall with- 
stand all conditions of exposure, is not subject to vermin, ter- 
mites, mold and fungi attack, is fully waterproof, and resistant 
to rapid change in temperature, both wet and dry. A few sug- 
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gested uses are as follows: 

Plywood flooring 

Flush and panel doors 

Veneer faced synthetic fiber boards 
Prefabricated unit houses i 
Paneling with built-in electrical heating units 
Wall paneling. 


2 Automotwe Industry. The automobile industry is always 
searching for material of the greatest strength with the least 
weight. While plywood has been considered by designers in 
the past, the lack of waterproofness and resistance to decomposi- 
tion by atmospheric elements, such as wet and dry decay, has 
retarded its adoption by the industry. The dry resin film has 
entirely overcome these difficulties and the designers are eager 
to specify plywood for the following items: : 

Running boards and insulated floor boards 

Battery separators and containers. 

The plywood roof not only eliminates the deterioration now 
so common but supplies an unusual degree of rigidity. 


The plywood battery separator and container offer a new and 
repetitive market to the plywood industry. 


3 Ship and Boat Building. Due to the advent of the dry 
resin glue film the entire ship and boat building field is now open 
for plywood utilization. Waterproof plywood made possible 
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Floors, sides, and roofs of refrigerated and ordinary trucks 
Roofs, floors, and interiors of buses 
Roofs of closed passenger cars 


N 


Fie. 8 SHowrne THat THE WIDTHWISE SWELLING oF !5/j¢-IN., 
3-Piy Oak PLywoop AFrTer 1 YEAR’s SUBMERSION Is HELD BY THE 
Dry Gtvue Fitm Bonp AGAINST THE CorRB, BUT ASSUMES NORMAL 

EXPANSION AT THE OUTER SURFACES 


the fabrication of canoes, racing hulls and outboard motor boats 
insuring greater strength and reduced weight. The new water- 
proof plywood insures indefinite durability under continuous 
immersion, and the bond is not affected by oil, acid, or salt 


water. Some of the watercraft applications are: = 


Canoes 
Outboard motor boats and racing hulls 
Ship bulkheads and partitions 

Marine wall paneling 

Ship furniture. 


4 Aircraft. Innumerable tests in commercial and aircraft 
laboratories, both here and abroad, have conclusively established 
that the bond in phenolic resin plywood is far superior in strength 
and endurance to any type of plywood heretofore used. 

The waterproofness of the bond, the absolute resistance to 
atmospheric elements, the tests that have proved the shear 
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value of the bond to be the highest ever recorded, and the con- 
tinuous increment of strength or frequent absorption of moisture 
all strengthen the hold of plywood in aircraft industry. 

Plywood of unusual strength as thin as 3-ply, '/x in., is now 
produced commercially for aircraft fabrication. This type of 
material now available to the industry permits the manufacture 
of aircraft at a reduced cost, with less weight, with increased 
strength, with longer life regardless of atmospheric conditions, 
and with a higher factor of safety. This will lead to greater 
demands for plywood and will mean the ultimate increase of the 
shear value of the glue bond in the present government and 
commercial specifications. 

In addition to the major applications by industry, there are 
several outstanding combinations of dry glue film plywoods with 
synthetic sheet products which enter too many fields to permit 
such industrial classification. 

5 Asbestos Clad Plywood. In the development of asbestos 
slate, manufactured under various trade names, phenolic resin 
plywood has again found many new applications. 

Asbestos clad plywood, or plywood faced with asbestos slate, 
glued with dry glue film, has introduced many new possibilities 
for plywood for interior and exterior purposes. The slate can 
be had in various thicknesses from '/0 in. up, and can be nailed 
or riveted in a very satisfactory manner. As the slate is resistant 
to acids and alkalies, is non-porous, is incombustible, and has a 
smooth surface for paint or enamel, it may be used for either a 
face or a cross band. If used as a cross band, it can be faced 
with any type or thickness of fine veneers. With dry glue film 
unusually thin veneers can be applied to the slate without danger 
of staining the work. Tests show that the dry film bond is 
stronger than the slate. A few of its many adaptions might be 
listed as follows: 
_ Wall paneling Telephone booths 
Laundry equipment 
Air-conditioning units 
Electrical equipment 
Elevator cabs 
Railroad freight cars 
Ice cream cabinets 
Refrigerators. 


(Interior or exterior) “er 

Hospital interiors — 

_ Fireproof partitions 
_ Greenhouse equipment 

Lavatories and shower rooms 

Laboratory equipment 

Kneading boards 

Steaming rooms 

Rubber Vulcanizing Directly on Plywood. The vulcanizing of 

bber directly on plywood is a recent development which opens 
another field for the veneer and plywood industries. The rubber 
research laboratories have been eagerly searching for a suitable 
wood product on which rubber may be vulcanized. It was 
found that neither solid wood nor plywood glued with wet 
adhesives would answer the requirements of the vulcanizing 
process. 

Successful vulcanizing of rubber to wood demands that the 
wood shall not have more than 2 per cent moisture content, and 
that it must withstand a heat from 350 to 380 F, under a specific 
pressure of 250 Ib for a time of 20 to 30 min. It is immediately 
realized that neither solid wood nor wet glued plywood can 
meet such exacting demands. A dry glue film bond does not 
deteriorate under this heat, and since it permits the manu- 
facture of plywood with not more than 2 per cent moisture 
content under 250 lb specific pressure, the new plywood answers 
fully all the requirements for vulcanizing rubber to wood. Some 
of the many uses for this type of material are as follows: 


_ Desk tops Running boards (auto) 
Rubber covered refrigerators Toilet, seats 

Table tops Chair and stool seats 
Counter tops Caskets 


Floor boards (auto) 
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Other Plywood Products. Dry glue film plywood applications 
for other new products, discussion of which space does not permit, 
might be enumerated as follows: 


Plywood milk racks 
Archery bows 
Golf shafts 
Fret molding plywood 
Tennis racket frames 
Hockey sticks 
Curved and bent plywood. 


Agricultural equipment 
Brush backs en 
Athletic equipment fare 
Artificial blackboards 
Wood-meta! desk tops 
Flameproof plywood 
2- and 3-ply shipping containers 
Foundry pattern stock 


The phenolic resin bond of fret moldings from '/-in. and 
3/g4-in., 3-ply plywood has no injurious effect on the cutter heads 
or punches and dies. It is surprising to note the volume that 
can be made without renewing the cutting edges. The character 
of the phenolic resin glue line does not dull saws, knives, and 
cutter heads. 


CONCLUSION 


The development of dry glue film has introduced a number 
of distinct and definite advantages which the wet glues have 
not offered. The result is that new possibilities and applica- 
tions for plywood are constantly being discovered and developed, 
and the horizon of the plywood industry is thereby greatly 
broadened. 


Note: Various U. S. patents are applied for and pending on 
phenolic resin plywood, and prospective users should investigate 
carefully. 
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B. Nonrais.’ This is a of the 
use of phenolic sheet glue, particularly the technical data in- 
cluded in tables and charts. As Mr. E. H. Merritt has pointed 
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out,‘ the sheet glue process is only one of several processes of 
gluing made possible by the development of phenolic resins. 
Mr. Merritt favors a dry powder process. My company has 
developed a process of gluing with which the sheet glue could be 
used or, with the addition of some of Mr. Merritt’s equipment, the 
dry powder could be used. However, we prefer using the 
phenolic resin in the form of a colloidal suspension in water. 

In the process we have developed, the glue is spread upon the 
veneers by means of a glue roll of the usual design. Special rolls 
and scraper bars are necessary, and the condition of the air sur- 
rounding the rolls has to be controlled. The veneer passes di- 


rectly from the spreader into a simple surface drier which we have 
designed. High-velocity air is passed over the surfaces of the 
veneer in such a way that even thin veneers ('/¢ in.) are not dis- 
turbed. Fig. 9 shows the glue spreader and the entrance end of 
the drier. Fig. 10 shows the exit end of the drier. After the 
veneers leave the drier they are ready for the gluing process. 

The gluing process is similar to the usual cold gluing process in 
that a stack of panels is formed and moved into the press. Thin 
electric heating elements are piled alternately with the panels, 


‘Laminating With Phenolic Resins,” Trans. A.S.M.E., paper 
no. WDI-55-3 (June 30, 1933). — 


so that each panel has two heating elements adjacent to it, one on 
each side. The stack is moved into the press, pressure is applied, 
and the heating elements are energized. The pressing operation 
takes about 20 min. Fig. 11 shows one end of the press and the 
piling mechanism for placing the heating elements upon the stock. 
There is a similar unpiling device at the other end of the press. 
Fig. 12 shows the press-control apparatus, including an auto- 
matic valve for controlling the pressure and an automatic device 
for controlling the temperature. The apparatus shown makes 
panels 8 ft long and 6 ft wide. It has an output of 3000 sq ft of 
3/,~in. panel per hour. The full production possibilities of this 


method of manufacturing panels are shown by plans of a larger 
machine, which we have completed. This larger machine makes 
panels 10 ft square at a rate of 22,000 sq ft per hr. 

The author describes the ideal wood adhesive as ‘‘one which is 
of a uniform quality, which can be laid or spread in an even coat- 
ing, which gives a perfect glue bond, and which can be applied 
economically.” There are also other requirements which it 
should meet. There is almost an infinite number of possible 
chemical combinations of phenol and formaldehyde. In making 
a phenol formaldehyde glue it is possible to end up with any one 
of a great number of these compounds by slight changes in the 
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temperature-time relations of the process. It is very unlikely 
that the manufacturer of the glue will ever make two batches of 
glue that are chemically identical. Luckily the user of the glue 
is not interested in its chemical nature but in its physical proper- 
ties. Uniform gluing results cannot be expected unless the 
physical properties of the glue are uniform. The user should be 
in a position to test these properties himself. The form in which 
he receives the dry glue film makes this almost impossible. We 
have developed simple physical tests which can be applied to the 
colloid glue to tell whether the glue is suitable for our purpose. 

Regarding the uniformity of glue spread, in using a liquid glue 
we have at our command all the experience gained by the printing 
industry in spreading inks uniformly. We find that we can ob- 
tain very uniform spreads indeed. We also found that the dry 
glue film made by the author’s company is not uniform in thick- 
ness. Fifty measurements taken around the edge of a piece 18 
in. long and 5 in. wide show an average thickness of 0.00229 in., a 
maximum thickness of 0.0029 in., and a minimum thickness of 
0.0020 in. This is a variation of 30 per cent above the average 
and 12 per cent below. 

A further requirement of an ideal wood adhesive is that it 
should make as good a glue joint at the center of a thick panel as it 
does near the face. If a thick panel is placed between the plates 
of a hot plate press, the wood near to the plates is heated much 
more rapidly than the wood near the center of the panel. There- 
fore a glue line near the face of the panel is subjected to condi- 
tions different from those of a glue line near the center of the 
panel. The glue must be such that a good glue joint is obtained 
under both these conditions. The author does not give any data 
showing the properties of dry glue film joints made at different 
rates of heating. 

Another requirement of an ideal wood adhesive is that it should 
give good results over quite a range of moisture content of the 
wood. A plywood panel should be glued up at a moisture con- 
tent which is the mean moisture content the panel will obtain in 
use. For example, if a general purpose panel is to be made, it 
may be used indoors or outdoors. Indoors in winter its moisture 
content will probably drop to 4 or 5 per cent. Outdoors it 
may reach a value of 20 per cent. The panel should be made, 
therefore, at a moisture content of about 12 per cent in order that 
the shear stresses developed in the panel at the low and high 
moisture contents will not be great enough to cause failure of the 
wood. Chart 2 of the paper shows that the dry glue film is 
suitable for this purpose. In our process the water is dried out 
of the spread colloid so rapidly by the surface drier that the mois- 
ture content of the wood is not materially changed. 

So far as we know there are only three reasons for the intro- 
duction of phenolic resin glues into the plywood industry: the 
greater strength of the glue joint, the greater water resistance of 
the glue joint, and the immunity of the glue to attack by fungi 
and bacteria. All other advantages claimed for the resin glues 
are obtainable with the older forms of glues. The author 
stresses the advantages of gluing with ‘“‘dry’” glues rather than 
“‘wet” glues, saying that the amount of water contained in glues 
cannot be kept uniform and that there is no possibility of regu- 
lating the influence of moisture upon the glued plies. We be- 
lieve that these statements are an exaggeration of the facts. 
We have been controlling these factors in the use of blood-albu- 
min glues for a number of years. 

The warning that very excellent hot plate presses are necessary 
for making plywood is timely. However, we do not agree with 
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the reason given regarding the extreme thinness of the dry glue 
film. 

An elementary discussion of the theory involved will show 
the reasons for the need of very excellent presses when any kind of 
glue is used. We can assume that the modulus of elasticity of 
wood is 80,000. If we assume also the variation in the press of 
0.003 in. that the author allows, we find that the variation in 
pressure upon a plywood panel '/, in. thick is 960 lb per sq in. 
That is, under normal gluing pressures certain parts of the ply- 
wood receive no pressure whatever. If it were not for the fact 
that wood becomes somewhat plastic when it is moist and hot, 
the steam platen method of gluing plywood could not be success- 
ful. It is a precarious method at best. The process we have 
developed has the advantage of the cold process method with 
regard to pressures. Under the same condition of 0.003 in. 
variation in the press, the variation in pressure is only 3 b per 
sq in., figured by the method outlined. 

The impression is gained from the paper that it is not practical 
to glue thick panels with the dry glue film if some of the glue lines 
are near the center of the panel. This is a real difficulty that is 
very often encountered with the use of phenolic resins. How- 
ever, this difficulty can be overcome, and in fact is being over- 
come in our factory. 

We are in perfect accord with the author that the phenolic 
resins make remarkable glues and that the dry glue film is a very 
good glue indeed. We think, however, that the use of the colloid 
overcomes some of the difficulties encountered in the use of the 
other forms of the resin and that our gluing method overcomes 
the difficulties inherent in the hot plate process. 


A. J. Norton.’ There are now three commercially developed 
methods of using phenolic resin glue lines. In addition to the 
film glue discussed by the author, there is the dry-powder method 
of spreading resins which was discussed by Mr. Merritt in the 
October meeting at Jamestown, and the method of spreading 
the synthetic resin in colloidal form as was brought out by Mr. 
Norris, of the Haskelite Company. 

The colloidal method of spreading has proved satisfactory in 
large-scale production and lends itself to commercial operation 
very satisfactorily. The spreading equipment is slightly differ- 
ent from that already used, and hot plate presses, steam or 
electric, are the same as are used in any hot press gluing opera- 
tion. The colloid lends itself to more widely diversified types 
of application, due to the ease of spreading low or high amounts 
of resin, and while it was not brought out at the meeting, we 
have since shown that the colloid works successfully over a 
lumber core under usual operating conditions. It was brought 
out at the Chicago meeting that the use of the colloid on sheet 
lumber might develop a panel core which would compete actively 
with the lumber core in construction work. 

Dry resin and colloid are manufactured by General Plastics, 
Inc., and these products have sold under the trade name of 
Durez. 

With the three methods of using phenolic resin glue line, and 
with the merits of such a glue line definitely established, there 
seems to be no doubt of a distinct and revolutionary change 
taking place in the lumber field. 


5 General Plastics, Inc., North Tonawanda, N. Y. 
Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 


of the Society. 


48 

wet 

= 

‘git 

= ; 


By PRESTON R. 


Any new form of transportation generally brings some 
new sort of nuisance to the persons using it. Air trans- 
portation, the newest and fastest form of travel, is no ex- 
ception, and the chief deterrent to air travel is the noise to 
which the passengers are subjected. As it is impossible to 
discuss any physical phenomena without having measur- 
ing units and methods of securing them, a description of 
the decibel scale as well as a discussion of the commonly 
used noisemeter is given, including a description of a most 
inexpensive, simple, and yet very reliable tuning-fork 


method. 


OISE accompanies all forms of 
N transportation. Over 90 per cent 
of the noise of a city is caused by 
transportation—trucks, trolley cars, trains, 
etc. In general, the amount of noise is 
proportional to the speed of transporta- 
tion. The fact that the speed of trans- 
portation has been increasing so rapidly 
in recent years has brought about an in- 
crease in noise level in cities and in high- 
speed transportation to a point where the 
public has become very conscious of it. 
The traveling public remained uncomplain- 
ing and almost unaware of the noises of 
traveling until, with increased speed, these noises built up to 
what may be termed the discomfort level. When this discomfort 
level is reached, the traveling public then becomes acutely aware 
of it and tends to avoid such forms of transportation. 

The airplane has been for some years the most rapid form of 
transportation, but only recently has it been making a bid for 
passengers. No attention has been paid to noise, however, until 
now. Pilots and early passengers took it for granted that the 
noise was just an unavoidable evil that went with flying and high 
speed. However, when air lines in this country started to go on 
schedules and carrying many passengers, who flew as a quick 
method of transportation rather than merely for a thrill, then the 
passengers began to complain. They not only complained, but 
many have decided that, except in emergencies, the discomfort of 
air transportation is not worth the speed, and therefore have 
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returned, whenever possible, to the use of more comfortable 
forms. The fact that air transportation is actually losing pas- 
sengers because of discomfort is a challenge to the aviation indus- 
try. There are now very many people who are air-minded, but 
the majority cannot be converted to use air transportation until 
it is brought out of the discomfort level. 

It is of course impossible totally to eliminate noise in any form 
of transportation. It is fortunate that there is no demand for 
complete elimination of noise. The demand is merely to keep 
the noise under the discomfort level. There is a very broad re- 
gion of noise levels which can be termed as comfort level, and 
all that is necessary is that the general 
level within the airplane be kept in this 
region. 

Lord Kelvin once said: “If you can 
measure that of which you speak, you 
know something of your subject, but if 
you cannot measure it, your knowledge 
is unsatisfactory.” Only in recent years 
have means been found to measure noises 
quantitatively and qualitatively. A new 
unit of noise, the decibel, has come into 
common usage. Instruments for the 
measurement of noise levels in decibels 
have been developed rapidly to a stage 
where accurate measurements may be 
made with portable apparatus. 

The measure of the sensation of loudness is not easy to define. 
The difficulty may be circumvented in a way indicated by Weber’s 
law: “The increase of stimulus to produce the minimum per- 
ceptible increase of sensation is proportional to the preexisting 
stimulus.”* That is, commencing with a certain sound in- 
tensity, the increase of intensity 5£ which produces a noticeable 
change of sensation 6S may be measured. From Weber’s law, 
Fechner derived the relation 


E 
ss = 


J. 


or S=klogE 
where S is the magnitude of the sensation, E the intensity of the 
stimulus, and k a constant. While obviously it is not possible to 
measure S directly, there is no difficulty in determining the ratio 
5E/E as a function of EZ. The simplest way of measuring this 
ratio is by means of electrical apparatus where the acoustical 
energy is transformed into electrical energy. The unit commonly 
used in this country for such measurement of loudness is the deci- 
bel,‘ a unit which may be said to be, approximately, the smallest 
change in the level of sound which the normal ear can detect. 
More accurately, as seen from the Weber-Fechner relation, this 
unit may be defined as a ratio of intensities. Hence, if the in- 
tensities of two sounds are in a ratio of 10 to 1, they differ by 10 
db; if the intensities are in a ratio of 10? to 1, i.e., 100 to 1, the 
sounds differ by 20 db; and so on. In general, therefore, the 
number of decibels measuring the difference between two sounds 
is ten times the Briggs logarithm of the intensity ratio, db = 
10 log (/:/I2). It is obvious, therefore, that any decibel scale 


3 Wood, ‘“‘A Textbook of Sound,’’ Macmillan, New York, N. Y. 

4See ‘“‘The Decibel,” by S. J. Zand, Sperryscope, vol. 6, no. 11; 
“The Decibel,’”’ by 8S. J. Zand, Aeronautical Engineering, Feb., 1933, 
vol. 8, no, 2, p. 19. 
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requires the more or less arbitrary adoption of some definite zero 
point from which the intensity or power ratio should be measured. 
Omitting this reference may cause misunderstandings. 

The first scale used by the Noise Abatement Committee of 
New York City fixed the zero at 4.4 X 107-'* watts per sq cm. 
The scale we use has its zero at 1 millibar sound pressure, which, 
under normal atmospheric conditions, is approximately 24.4 X 
10—'* watts per sq cm. 

Recently, the Society of Acoustical Engineers of America has 
adopted a new zero equal to 1 X 107!* watts per sq cm, or 0.207 
mb of sound pressure. 

Thus, 90 db above 1 X 107'* watts is equivalent to 83 db 
above 4.4 X 10~!* watts and 76 db above 1 millibar. Through- 
out this article, the decibel-above-1l-millibar scale is used. 

While loudness appears to the ear to increase by simple arith- 
metical progression, the sound energy increases by logarithmic 
progression, rising from ten to ten billion (10' to 10"), while 
loudness goes from ten to one hundred (10 to 100). This peculiar 
relation must be clearly understood, and hence we have gone into 
considerable detail to impress that decibels per se have no sig- 
nificance whatever and are only convenient symbols for express- 
ing aratio. The difference between 10 and 20 miles is the same 
as between 90 and 100 miles. But between sounds of 10 and 20 
decibels above the threshold of hearing there is an intensity 
difference of 90, while the difference between sounds of 90 and 100 
decibels is 9 billion units of energy. As a consequence of this 
relation, it is at once seen that doubling the intensity does not 
double the loudness, but merely increases the loudness by 3 db. 
Therefore, two sources, each producing 100 db, give a resultant 
noise of only 103 db instead of 200 db. Conversely, if an air- 
plane cabin has a noise level of 100 db and we take steps to re- 
duce the sound energy to one-half, we will have reduced the noise 
level to only 97 db, hardly a noticeable achievement. It is this 
discouraging fact that makes sound reduction so difficult. 

While the measurement of acoustical energy by mechanical 
means is not impossible,‘ it has been found highly impracticable, 
especially in measuring moving vehicles. This is due to the ex- 
tremely small amount of energy which produces an auditory 
sensation. Thus, speech of a level of 60 db would appear to have 
a lot of energy, but measurements indicate that the average 
power of a speaker is between 25 and 50 microwatts or there- 
abouts. Thus, it would require 15 million persons speaking 
simultaneously to produce the equivalent of a single horsepower 
of acoustical energy. Obviously, then, the only method of 
measurement will be the electrical, by which the incoming sound 
wave produces a corresponding electrical variation. These are 
amplified in a known and always constant ratio by means of 
vacuum tubes, and the amplified output is a magnified but faith- 
ful reproduction of the acoustical disturbance which is measured. 

The action of the noise meter, a simplified diagram of which is 
shown in Fig. 1, starts with a microphone, generally of the dy- 
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namic or condenser type, which picks up the sound wave and 
produces its electrical equivalent. The electrical impulse is then 
amplified, generally by means of a high-gain and high-grade re- 
sistance-coupled amplifier. (Great care must be exercised in 
order not to introduce distortion.) This magnified output is then 
rectified, finally actuating » meter causing the pointer or hand of 
the indicator to move along the meter scale to a point determined 


Fie. 1 Scuematic DiacraM oF A Norse METER 


Lord Rayleigh, ‘‘Theory of Sound,” vol. 1, Macmillan, 1926. 
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by the intensity of the sound wave. The figure indicates that a 
noise meter is also supplied with an attenuator and a weighing 
network. The attenuator enables the observer to control the 
amplitude of the electrical wave by large steps, so that when a 
very loud sound is encountered which would drive the needle off 
the scale of the meter, a known amount of attenuation may be 
inserted, bringing the needle back into the range of the meter. 
The actual reading is then the sum of the attenuator setting and 
the meter reading. The weighing network is designed to render 
the noise meter more sensitive, and vice versa, so that the pitch 
of a tone will automatically affect the meter in the same way that 
it affects the ear. While this is only possible in rough approxi- 
mation, owing to the complicated characteristics of the ear, it can 
be done with a reasonable amount of precision for all practical 
purposes. 

In addition, a noisemeter may contain a series of band pass 
filters which may be thrown in and out of a circuit by means of a 
convenient selector switch or plug-in arrangement. The action 
of such filters is to suppress any wave the frequency or pitch of 
which does not lie in the particular frequency region passed by the 
filter. One filter passes waves of only very low pitch, having a 
frequency of, say, 64 cycles or less; a second passes frequencies 
from 64 to 128, etc. With six or eight such filters an “‘octave”’ 
analysis is possible—very valuable information which will 
generally facilitate the working out of proper acoustical treat- 
ments. 

Naturally, noise meters and frequency analyzers are expensive 
and generally bulky and heavy. In order to use them it is 
necessary to have the vehicle to be tested at disposal for a certain 
amount of time. For a rough check, with skilled observers as 
close as +2 db, there is a very simple method which is based on 
the masking effect of one sound against another.* The only tool 
necessary is a calibrated tuning fork and a watch. The ob- 
server strikes a tuning fork (256 or 512 cycles) with a constant 
force and brings the fork in front of his ear canal, moving the 
fork slightly to create a warble. At the same time, he observes 
the second hand of a watch (a stopwatch is preferable). He ob- 
serves the time until the noise of the fork is masked by the 
noise to be measured. Suppose the fork held in such a position 
near the ear canal makes a noise of 90 db, and from the calibra- 
tion of the fork it is known that it decays at the rate of 1.5 db per 
sec. Then if the fork remains audible only 20 sec, it will follow 
that the noise at this frequency is approximately 90 — (1.5 x 
20) = 60 db. If measurements of this type are made, using a 
number of forks, a surprisingly good picture of intensity and fre- 
quency distribution can be gathered with the simplest instrumen- 
tation. 

Returning now to the relationship of speed to acoustical com- 
fort, we may now study it on a decibel scale. Fig. 2 has been 
prepared in a unique way to show both methods of determining 
noise levels; decibels as measured on the noise meter are plotted 
against masking time of a tuning fork. All readings on this 
chart were obtained by the authors on various tests and trips 
within the last year. The readings include every form of trans- 
portation from sailboat to open-cockpit airplane. Included are 

_ readings on both American and European subways, trains, and 
passenger airplanes. The grades of comfort are indicated ap- 
- proximately at the right of the chart. 

Although the high readings on the chart are all airplanes, it is 
to be noted that the newer soundproofed airplanes have moved 
down into the region of subways and trolley cars as regards noise 
level. 

To show more clearly the relation of sound level to speed, Fig. 
3 presents several curves of different transportation units, plot- 


€V.O. Knudsen, “Architectural Acoustics; Method of Measuring 
p. 255. 
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both high and low fre- 
quency, with the low 


frequency predominant 
Low-frequency noises 


are very difficult to deal 
with because most ma- 


terials are much better 


barriers to high-pitch 
sound than to low- 


pitch 
The power plant is at- 


Oo 


tached directly to the 
structure which con- 


tains the cabin, which al- 


lows vibration from the 
engine and propeller to 


be transmitted by direct 
solid conduction into 


the cabin 
On multiengine air- 


planes, the possibility of 


beats of low-pitch char- 
acter and high intensity 


PM. 


id is very troublesome, 
with no direct remedy 


| @) 


as yet in sight 
Weight limitations are 


Fie. DraGram or Spgep Versus Noise 


ting speed against decibels. A shows that the noise of an auto- 
mobile increases approximately as a straight-line function of its 
speed. B gives the increase of noise level in three different types 
of transport airplanes with increased engine rpm. It is interest- 
ing to note the convergence of the airplane curves toward some 
point above 110 db. It is suspected that this is due to the pro- 
peller-tip speed, which increases in noise output rapidly as it 
approaches the velocity of sound, and produces so much noise 
at these high velocities as to completely mask the engine noises. 
Hence, all airplanes would have about the same maximum noise 
if they could be pushed to the point of having tip speeds of 1100 
fps. Some military and racing ships reach this point, and, as is 
well known, they make a terrific and penetrating noise, measur- 
ing well over 110 db. 

Chart C gives the increase of noise level in a Pullman car with 
increased speed. It is to be noticed that in this case the increased 
noise is not caused by the engine, but by local noises. It is ap- 
parent that the train has an advantage over an airplane in that 
the power plant or engine is so far removed from the passengers 
that its noise is attenuated to a harmless level in the passenger 
compartments. Furthermore, if soundproofing is still found de- 
sirable, additional weight is easily permissible for the purpose. 
In the airplane, there are, on the other hand, severe weight 
limitations. 

Chart D gives the relationship of noise and engine speed of a 
standard Wright Whirlwind engine. When it is realized that 
one, two, or three of these noise-producing units must be placed 
in the close vicinity of the passengers, it is apparent that noise 
reduction in airplanes is a most difficult undertaking. 

The following list covers the handicaps under which the acousti- 
cal engineer must work to reduce the noise in aircraft: 


(1) ‘The airplane is the fastest vehicle, and hence inherently 
the noisiest 

(2) The acoustical disturbances are very near the travelers 
deel (engine, propeller, exhaust) 

Frequency analyses show that the noise of an airplane 
is of a very complex character, containing sounds of 


very severe, and it is a 
known fact that sound 
insulation is a direct function of mass.’ 


In April, 1932, the Sperry Gyroscope Company started on the 
study of noise reduction in airplanes. Before any program of 
research could be established, it was necessary to determine what. 
had already been done or written in this field, and then to deter- 
mine for ourselves the sound levels in existing airplanes. 

Available data were very few. The work of Dr. W. 8. Tucker 
in England (A.M.I.E.E., January, 1928) and the Bureau of 
Standards (Research Paper No. 63, 1929) in this country were 
about the only valuable contributions that we found. The 
former showed the important part played by the propeller in 
noise production and the necessity of slow tip speeds. The 
latter showed the extreme difficulty of obtaining a good sound 


7 Bureau of Standards Research Paper no. 63, 1929. 
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Fig. 5 Noise DistriBuTION IN ConporR Nos. 2 AnD 5 


insulator without excessive weight; in fact, it proved in a very 
disconcerting way that most sound insulators were only as good 
as they weigh. 

The years 1930 and 1931, apparently on account of the de- 
pression, produced nothing in this field. So 1932 started from 
scratch. We first checked up a number of airplanes, paying 
particular attention to large transport planes. The tests were 
carried out either by the use of a noise meter (see Fig. 4), system 
Free, type 123, a commercial apparatus built by Dr. E. E. Free 
to our specifications for airplane use, or by the tuning-fork 
method. In many cases both methods were used to form a useful 
check. Generally, the tests were carried out at cruising speed, 
but in some cases at varying rpm, the latter check to establish 
relations of speed versus noise level. We took at least 20 to 40 
readings in selected places along the cabin, the arithmetical mean 
serving as a basis of comparison of the noises of one airplane 
against the other. 

As the research program was started in cooperation with 
Eastern Air Transport, Inc., we checked their ships first. This 
system owns a fleet of five Curtiss Condors, built about 1927 and 
1928, which were scheduled for a complete overhaul that was to 
include acoustical treatment. Tests were made before and after 
this rebuilding. The Condor is an example of a relatively quiet 
ship. It probably was the quietest transport at the time it was 
put in service. The following summary of our tests will give a 
good idea of the noise levels encountered in this type of ship: 

The E.A.T. Condor No. 2, an 18-passenger biplane, with Con- 
queror V-12 engine, geared three-blade metal propeller, speed 
about 110 mph. The exhaust of the inside bank of cylinders 
was piped on the near side of the nacelle. The average noise 
level (arithmetical mean of 31 readings) was 98.5 db; the highest 
was 102 db, near the fourth window from the front of the ship; 
the lowest was 88 db, in the pilot’s cockpit. 


The E.A.T. Condor No. 5, which was the same as No. 2, with 
the exception that here the exhaust was piped on the far side of 
the nacelle. The average noise level (arithmetical mean of 36 
readings) was 94.5 db; the highest was 99 db, near the last win- 
dow; the lowest was 86, in the pilot’s cockpit. 

The pitch in both ships was decidedly in the lower octaves, 
lower than 150 cycles, but a great variety of high-pitch noise was 
also present, coming from loose accessories such as ash trays, 
lamp shades, ete. Hissing sounds, about 2000 to 5000 cycles, 
came from the individual ventilators. 

Before proceeding further with other tests, let us now analyze 
the two ships. Fig. 5 shows a longitudinal and a transverse 
curve of noise distribution. 

It is at once apparent that one side of either ship is more 
quiet than the other. The reason is very simple. It is more 
quiet, as it should be, on the side where there are two seats in a 
row. The absorptive area is greater; hence this side is less 
noisy. The fact that No. 5 ship is generally quieter than No. 2 
is due mainly to the exhaust manifold arrangement. In No. 5, 
the exhaust is farther away from the side of the ship and is con- 
cealed behind a large and heavy mass, the engine. Therefore 
the noise cannot reach the walls of the cabin as easily as on No. 2, 
where it is on the near side. Both ships show a decided drop in 
noise level in the pilot’s cockpit, which is not at all what one 
would expect. Upon analysis, it is not extraordinary if one con- 
siders the fact that the cockpit of the Condor is far forward of the 
propeller and engine, the chief noise makers. 

The Kingbird, with two radial direct-drive engines and a two- 
blade propeller, a six-place high-wing monoplane, speed about 
115 mph. At the time of the tests, this particular ship had 
double windows. The highest reading was 100 db, in the pilot’s 
cockpit and first right seat; the lowest, 94 db, rear left seat; the 
average, 99 db. 
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An interesting observation can be made here regarding the 
noise distribution. On this particular ship, the propellers and 
the engines are quite ahead of the cabin proper and rather near the 
cockpit. Consequently, the center of disturbance is ahead of the 
passengers and the noise decays about 6 db when measured in the 
rear of the airplane. Probably the most striking and important 
observation that was made on this airplane was on a retest of the 
same airplane after removing the double windows. With single 
windows, the average noise level was still 99 db. The double 
windows added weight, but were totally ineffective. At first this 
seems paradoxical, as it is known from the experience of archi- 
tectural acoustics that double windows will materially quiet 
down a room where they are properly installed. 


Fic. 6 Ssear-Typr SHock ABSORBERS AT THE ENGINE Mount 


Let us now compare the two cases. In a building located on a 
busy thoroughfare, we have an outside noise level of about 65 
db. The transmission loss of the masonry in a well-constructed 
building may be as high as 40 db, thus bringing the room without 
windows down to a noise level of 25 db. According to Sabine, a 
single window will have a transmission loss of about 30 db. So, 
if a single window is inserted in the wall of the room, more 
noise would be transmitted through it than through the wall, 
the room noise level would increase to 35 db, and the window 
would be properly blamed. If we install a double window of 
such characteristics that it will have a transmission loss of 40 db, 
then the wall and window will have a uniform opacity to sound 
and the room will show a remarkable improvement. Now, with 
the airplane, the case is reversed; the window is a better sound 
insulator than the thin cabin walls. The best cabin wall will have 
a transmission loss of about 25 db, so that no matter how opaque 
the windows are, the sound will come through the walls. Instead 
of using double glass for a local sound insulator (weighing as 
much as 3 lb per sq ft), if the same weight is spent for absorbing 
materials within the cabin, much better results will be obtained. 

The result with double windows against single windows has 
been checked by the authors in the case of another airplane and 
fully confirmed our idea of the fallacy of this construction. 

We tested next the Ford Tri-Motor. This airplane, no longer 
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in production, is an example of what complete neglect of acoustic 
considerations may produce. The highest reading was 118 db 
in the pilot’s cockpit, the highest reading we have obtained in a 
passenger ship. The lowest was 104, near the rear. The average 
was 108.5. Prolonged exposure to this high level of sound can 
temporarily injure the sense of hearing. Ringing of the ears and 
physical discomfort persist for several hours after being subjected 
to this noise level. A long period of subjection to this level 
causes permanent hardness of hearing. 

This airplane had no soundproofing whatsoever. This is 
especially true in the inside of the cabin, where not a piece of 
fabric or other fibrous material is introduced, and the noise re- 
verberates constantly. Further, no attempt has been made on 
this airplane to prevent vibration from the engines reaching the 
passengers. Thus, noise is transmitted in the cabin by solid 
conduction. The propellers, being of the two-blade type, create 
a greater amount of noise than would a three-blade one. The 
center exhaust manifold runs under the floor of the airplane, 
where its pulses can be directly transmitted to the passenger 
compartment. 

It has been further observed on another Ford Tri-Motor that 
the noise level was about the same as on the former. Further, 
the pitch is between 300 and 700 cycles, thus corresponding to the 
average pitch of human speech, and consequently no conversation 
is possible. 

A different type of Tri-Motor airplane was also tested, and it 
was found that the noise level was around 100 db. This par- 
ticular ship has its engine mounted by means of rubber shock 
absorbers. While no particular scientific attempt was made in 
soundproofing, the noise is less than in the Ford Tri-Motor, which 
is attributable to the discontinuity of surface between the engine 
and the fuselage. Owing to the very flexible engine mounts, the 
propellers precessed and created highly unpleasant beats, some 
of them lasting as long as 4 sec. A later type of the same air- 
plane shows a certain improvement. The noise level was about 
96 db and the pitch between 400 and 600 cycles, and in this air- 
plane conversation was possible by shouting. 

A very modern high-speed low-wing all-metal monoplane with 
a single-geared two-blade propeller was tested. This airplane 
was one of the first commercial high-speed airplanes in which an 
attempt was made to sound-insulate the ship scientifically. 
The highest noise level at a speed of 175 mph was about 96 db, 
the lowest was 86 db, and the noise distribution was unusually 
uniform. This ship at the original test had double windows. 
When these were removed, no appreciable decrease in noise level 
was experienced. 

One of the authors was fortunate enough to fly from London to 
Paris in the new 44-passenger Handley-Paige Heracles. This is a 
four-engine biplane of a speed of about 90 mph, in which the 
cabin is divided into two compartments—one far ahead of the 
plane of the propellers and the other far behind. The space of 
the greatest acoustical disturbance is reserved for mail, for cargo, 
and the steward’s compartment. This airplane uses four-blade 
wooden propellers, and was the quietest airplane flying up to 1933, 
as far as weknow. The noise level was found to be around 78 db. 
Of course, when saying that it was the quietest airplane, we must 
make reservation that this type of airplane would be entirely 
unsuitable for American air transportation, where speeds of 90 
mph are considered obsolete. The design of this ship is of great 
interest in showing how much may be accomplished by merely 
removing the passengers as far as possible from the plane of the 
engines and propellers. 

A pair of wooden propellers were built and tested on the E.A.T. 
Condor No. 4. First, we tested it with the standard three-blade 
and then with the four-blade. The average noise with the three- 
blade propellers was 96 db, and with the four-blade 92.5 db, a 
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reduction which our calculations predicted. With the wooden 
propeller, we found that beats and momentary vibrations due to 
sudden changes of azimuth lasted but 2 to 3 sec, while with the 
metal propeller we could hear and feel them as long as 6 to 8 sec. 
This is again natural, if one considers the fact that the damping 
constant® for wood is 0.022, while that for aluminum is 0.0034 
and for steel 0.0023. Hence, any vibration will be damped out 
quicker in a wooden propeller than in a metal one. 

Numerous other airplanes and special tests have been made 
by the authors during the past year, but the foregoing examples 
have all been selected to show certain factors of the problem and 
to make the following list of principles more easily understand- 
able. From these tests, we can conclude certain basic features to 
be included in the design which will make an airplane inherently 
more quiet. 


(1) The engines should be mounted as far ahead of and as 
far away from the cabin as practical, consistent with 
good aerodynamic efficiency 
Three- or four-blade slow-moving propellers are better 
acoustically than two-blade fast-moving propellers 
Great care must be exercised to prevent the transmis- 
sion of vibration to the cabin by solid conduction; thus, 
vibration control through the use of properly designed 
vibrat‘on insulators is imperative 

Double windows are at present of no value in an airplane 
cabin 
The cargo compartment should be located preferably in 
such a position as to form a barrier to the source of 
noise 
Exhaust manifolds should be located at a point as far 
removed from the cabin as possible, and either wing or 
nacelle should be used as a sound shadow Letween ex- 
haust and the cabin 
The cabin should be 
as tight as possible, 
as small leaks will off- 
set the value of 
elaborate acoustical 
treatment 
Ventilating and heat- 
ing systems should be 
made quiet by filter- 
ing out the noise be- 
fore admitting the air 
to the cabin 
The inside of the 
cabin should be 
covered with a mate- 
rial which will absorb 
as much noise as pos- 
sible; the material 
should be particularly 
* Davis, in his paper on 
“‘Noise,”’ Jl. Royal Aero. Soc., 
vol. 36, no. 224, claims that a de- 
crease of 100 fps in tip speed will 
give a reduction of 10 db of the 
noise generated by the propeller. 
The N.A.C.A. has worked out 
the relation dbprop. = 40 to 60 
(logie V2/Vi), where V; and V 
are the tip velocities. 
* See Kimball, ‘‘Vibration Pre- 
vention in Engineering,’’ J. 
Wiley, p. 133; S. J. Zand, *‘Vi- 
bration of Instrument Boards 


and Airplane Structures,’’ S.A.E. 
Journal, November, 1932. 
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effective in the absorption of the predominant frequency | 


of that particular airplane 


(10) All accessories, such as lamp shades, ash trays, cur- 


tain rods, etc., should be fastened very securely to the 
structure to prevent acting as localized sound sources 
(11) Avoid the use of large unsupported panels of thin sec- 
tion, as they act as loud-speaker diaphragms 
(12) Blanket materials which will pack are not suitable 
and should be avoided. 


While all of the foregoing points are self-evident, the last one 
needs amplification. Some sales people have products which are 
excellent when used under different conditions than on the air- 
plane. Not knowing what vibration and constant changes of 
acceleration will do to this material, they convince the airplane 
manufacturer to use it. 

Recently, in rebuilding one of Eastern Air Transport’s ‘‘Con- 
dors’’ (1928 model), it was interesting to discover what time and 
vibration had done to the old sound-insulating mattress when the 
fabric was removed. We found that about 75 per cent of the 
blanket was pulverized and packed on the sides and bottom of the 
airplane, leaving whole areas without treatment. Therefore, 
only materials which will not pack should be used on airplane 
soundproofing work. 

And so Condor No. 3 was rebuilt, and we made the cabin a 
tight shell, using a newly developed material called Onazote,!® 
an extremely light exploded and molded rubber compound 
(weight 4.75 lb per cu ft, impact strength 75 lb per sqin.). Fur- 
ther, we endeavored to improve the reverberation control by the 
use of certain fabrics and a fluffy backing of same. The venti- 
lating system was also changed, and all doors were gasketed. 


10 The inventor of this material is Mr. C. L. Marshail, Montclair, 
N.J. The material, while excellent in many respects, is not available 
nmercially as yet. 
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Being an old ship, it was impossible to change the structure, and 
naturally the results were far from perfect. Nevertheless, the 
noise level was brought down from 97 to 85 db in the front of the 
cabin, the center of the cabin showing an even greater improve- 
ment. This was the first ship in which it was possible to talk 
without much difficulty. 

Since that time, other Condors have been rebuilt, using similar 
methods but different materials, with very gratifying results. 
On most of the ships it was possible to reduce the noise level to 
about 85 to 88 db. 

When plans were made for the new Condors, Model XT-32, we 
were retained for the acoustical work at the beginning of the 
project. Thus, it was possible to incorporate in the basic design 
many features contributing to quietness. The location of the 
propeller was chosen so that its plane passes between the cockpit 
and the cabin proper, intersecting the radio compartment. This 
room is separated from the cabin by a bulkhead and fully gas- 
keted door of generous dimensions. This bulkhead was treated 
with an acoustical material which would be particularly suited 
to absorb frequencies generated by the propeller. The engines 
were mounted on rubber shock absorbers of such characteristics 


Airplane 
Condor No. 2 


Average 


noise 
Speed, level, 


Power plant mhp db 


Conqueror 2-geared 3- 


TABLE 1 DIFFERENT AIRPLANES COMPARED 
(Noise level above 1 mb) ; 


Soundproofing material 


and so located as to give the power-plant assembly the lowest 
natural frequency far removed from the operating range. We 
used shear-type rubber shock absorbers, which give the maxi- 
mum vibratory isolation with minimum weight (see Fig. 6). The 
whole cabin structure is insulated from the main structure by 
means of specially designed felt shock absorbers (see Fig. 7). 
The cabin was built of a panel made of a combination of two ma- 
terials giving a transmission loss of about 25 db at 300 cycles, 
and weighing less than 0.4 lb per sq ft. The windows are float- 
ing, which was accomplished by the use of a radically different 
construction in mounting the pane to the frame. Further, we 
used a special non-shatterable glass which was made in accord- 
ance with our specifications. This glass is lighter, acoustically 
as efficient as any standard glass, and its vibration-damping co- 
efficient is ten times higher than ordinary safety glass. The 
result is that these windows do not “sing.” 

The floor was not specially insulated because the baggage and 
mail compartment was located underneath it, and this has such 
considerable mass that it acts automatically as a sound barrier. 
The cabin framework was insulated from the main structure by 
means of a felt shock absorber (see Fig. 7). 

The ventilating systems, both intake and exhaust, were pro- 
vided with acoustical filters of such characteristics as to attenuate 
the predominant frequencies. 

The reverberation control included such refinements as the 
making of the parcel rack of a blanket material which acts as an 
efficient sound absorber (see Fig. 8). 

The exhaust manifolds, tuned to unison, were located under the 
lower wing, their clamps being insulated from the structure by 
asbestos gaskets. 

Attention was paid to all details, and the result was a noise level 
of about 78 db at cruising speed of 145 to 150 mph with four 
passengers and no baggage. Fully loaded, the noise level dropped 
to about 76 db (at 150 mph), or no more than in the average rail- 
road car (at 60 mph). Conversation is fully possible, and radio 
loud speakers installed in the cabin can be distinctly heard and 
enjoyed by the passengers. 

For quick reference, all the ships tested have been listed in 
Table 1, which gives also ceriain basic features of these ships. ae 


6 ore 
Conversation level Remarks 


Test before overhaul 


Condor No. 
Condor No. 
Condor No. 


Condor No. 
Kingbird 


Kingbird 
Condor No. 
Condor No. 
Ford 

Ford 

A tri-motor 
A tri-motor 
A high-speed low-wing 


monoplane 


A high-speed low-wing 
monoplane 


Curtiss Condor XT-32 


38 radials, 


blade propeller 
Same 


Same 
Same 


Same 
2 Wright J-6, direct 2- 
blade 
Same 


: 2 Conquerors, 3-blade 


geared propeller 
2 Conquerors 4-blade 
wooden propeller 
Wasp 3 direct, 2-blade 


Same 

direct, 2- 
lade 

Same 


Radial geared 2-blade 
propeller 


geared Cyclones, 3- 
blade propeller 


110 
110 


110 
110 


110 
105 


105 


107 
112 


98. 
86. 


96 
85 


94 
99 


Dry zero blanket 
Seapack-ply wood and Sperry 
soundproofing 


Dry zero blanket 

Onazote and Sperry sound- 
— 

Dry zero blanket 

Dry zero blanket 


Dry zero blanket < 
Dry zero blanket _ re 


Dry zero blanket 

None; _no_ reverberation 
control 

None; 
control 

Unknown; no reverbera- 
tion control 

Seapack; poor reverbera- 
tion control 

Downy material; poor re- 
verberation control 


no reverberation 


Same 


insulite, special 
Sperry sound- 


Seapack, 
cement, 
proofing 


Possible with difficulty 

Possible with normal voice 
up to 3 to 4 ft 

Possible with certain effort 

Possible with normal voice 
up to 3 to 4 ft 

Possible with certain effort 

Possible with great diffi- 

Possible with great diffi- 
culty 

Possible with difficulty 

Possible with difficulty 

Impossible, not even shout- 
ing 

Impossible, not even shout- 
ing 

Possible with great diffi- 
culty 

Possible with effort 


Possible with little effort 
Possible with some effort 


Possible in normal tones; 
with raised voice, full 
length of the cabin 


After overhaul. The 86 
db is with ventilators 
closed; when open, 92 db 

Before overhaul 

After overhaul; added 
weight 285 | 

Test before overhaul 

Test after overhaul 


Test before overhaul 


Decidedly different pitch: 
less vibration 

Highly unpleasant, vibra- 
tion excessive 

Highly unpleasant; vibra- 
tion excessive 


Spectrum of noise in the 
neighborhood of human 
speech; ventilating sys- 
tem noisy 

With improved ventilating 
and cabin interior this 
airplane could be made 
about 10 db more quiet 

The most quiet ship flying 

at 150 mph 
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Studies on the Flutter of 


_ During the last few years there has been considerable 
interest in the study of vibration of airfoils and propellers, 
both in Europe and in this country, and most of the litera- 
ture regarding it is of fairly recent date. A complete solu- 
tion to the problem has not yet been attained, the compli- 
cated mathematics having proved too involved. Again, 
some of the factors are only now the subject of research. 
This paper deals with a few of the many interesting phases 
of the problem. Because of the complexity of the mathe- 
matical expressions for the airfoils in common use, a flat 
plate has been used. It has also been assumed that the 
angle of attack in the range to be covered is below the 
burble point and that the amplitude of the vibrations is 
considered small. The paper is divided into three main 
parts: (a) A theoretical development of the deflection 
curve of a cantilever flat bar of uniform cross-section, by 
air forces distributed according to an elliptic-load grading 
curve, to show the effect of the warping produced by such 
(b) 
An approximate solution of the free torsional vibrations of 
(c) 
An analysis of the problem of self-induced torsional vibra- 
tions which will apply for any airfoil. 


loading in the strain energy of the bar so loaded. 


a cantilever bar of thin rectangular cross-section. 


1—INTRODUCTION AND STATEMENT OF 
PROBLEM 


URING the last few years con- 

1) siderable interest has been at- 

tached to a study of vibration 

of airfoils and airplane propellers. Sev- 

eral severe accidents occurring prior to 

1925 led such investigators as Younger 

in the United States, Fraser and Cox in 

England, and Blenk and Liebers and 

Kussner in Germany to attempt solutions. 

A general solution has not yet been de- 

rived; so far the mathematics has proved too involved. This 

contribution deals with a few of the many interesting phases 
of the problem. 

The work of Younger gives an approximate solution of vi- 
brations of two degrees of freedom as applied to propellers. The 
differential equations have been solved by means of graphical 
integrations. His solution, however, does not take into account 
the aerodynamic couples which exist on the airfoil. 

Fraser investigated the torsional and bending vibrations of a 


1 Department of Aeronautical Engineering, University of Michigan. 
Mem. A.S.M.E. Mr. Taylor received the degrees of B.Sc. from Mc- 
Gill University in 1915 and Sc.D. from University of Michigan in 
1933. He was chief designer of the Chisholm Moore division of 
the Columbus-McKinnon Chain Company. He was instructor in 
mathematics in the University of Buffalo, and was assistant to the 
director of the 1933 summer school at the University of Buffalo. 

Contributed by the Aeronautic Division and presented at the Semi- 
Annual Meeting, Chicago, Ill., June 26 to July 1, 1933, of THe 
AMERICAN SocreTy OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


and Propellers 


By W. HAROLD TAYLOR,! ANN ARBOR, 


te 


MICH. 


wing with spars, and also with various settings of ailerons or 
flaps. Since that time it has been shown by Younger that ailerons 
or flaps are not completely responsible for the vibration of air- 
foils. Cox investigated the torsional properties of the stripped 
airplane wing. 

Liebers? calls attention to the recent propeller failures ascrib- 
able to vibration troubles. He attributes one of the main causes 
to the periodic changes in the loading curves due to interrup- 
tions and disturbances by such things as wings, other propellers, 
or disturbed inflow air. Again? in another paper the same author 


states that the aerodynamic forces are of less importance for the 


bending vibrations of aircraft propellers than for the torsional 
vibrations. He mentions the great difference in frequency at 


which bending and torsional vibration exist and suggests that — 


each can exist without involving the other. Blenk and Liebers* 
in their papers show the equations set up for the torsion of the 
airfoil and give in more detail practically the same information 
as in the two papers by Liebers. 
vibration of wings from the point of view of the two-spar wing. 
He shows that the manner in which ailerons or flaps are attached 
determines the manner in which monoplane wings will vibrate. 
It will be the endeavor of this paper to show (1) a theoretical 
development of the deflection curve of a cantilever flat bar of 
uniform cross-section by air forces distributed according to an 
elliptic load-grading curve and to show the effect of the warping 
produced by such loading in the expression for the strain energy 
of the bar so loaded; (2) to give an approximate solution of the 
torsional vibrations of such bar; (3) to show that induced 
torsional damping exists in an airfoil and to indicate the effect 
of self-induced torsional vibrations on the bending of the bar. 
With respect to the first section of this paper, the method used 
is suggested by Liebers’ papers, but the evaluation of the warp- 
ing due to aerodynamic forces is original. The second point 
covered contains nothing new and is here inserted for com- 
parison purposes. The third point covered is original and, to 
the best of the author’s knowledge, has not appeared elsewhere. 
Restrictions. The airfoil sections commonly used are of con- 
ventional type, such as Clark Y, N.A.C.A. M6, RAF 15, and 
Gottingen 387, or are modifications of these. A mathematical 
development of these sections is highly complicated; conse- 
quently a thin flat plate was chosen for investigation because of 
the known factors applying to such a plate. Further, we will 
investigate for vibrations of small amplitude only, and in order 
to keep the problem at or near some practical value, the aspect 


Kussner calls attention to the 


ratio of length of airfoil to chord has been chosen with 6 as its 


value. 


AND SYMBOLS 


The axis system as specified for N.A.C.A. reports and the 
symbols employed by Timoshenko for the study of vibration 
have been used. The following notations have been employed: 


2F. Liebers, “Zur Theorie der Luftschraubenschwingungen,” 
Zeitschrift fiir technische Physik, vol. X, 1929, pp. 361-369. 

3F. Liebers, ‘‘Resonanzschwingungen von Luftschrauben,” 
Luftfahrtforschung, May 16, 1930, Pp- 137-152. 
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A = area of airfoil under consideration, sq ft — 
a = constant 


an = constant coefficients 


angle of incidence, radians 


small change in angle of incidence, radians 
angle of incidence at root, radians 

angle of incidence due to vibration, 2 radians 
angle of warp at point y = 1 


b = breadth of plate, in. 
b = constant coefficient =? 


value of Leaty = 0 

slope of lift curve for infinite aspect ratio = 2x 
torsional rigidity factor 

distance from the fixed end to point of appli- 
cation of load P, in. 


= chord, ft 


thickness of plate, in. 


coefficient of drag > 
coefficient of induced drag = @A <4: 
coefficient of lift 
plan form ratio = 1/b = l/c, 
drag, lb per sq in. of span | 
induced dragfactor = 0.096forR =12 
Young’s modulus of elasticity, lb per sq in. 
frequency of vibration, cycles per sec 

modulus of rigidity in shear, lb per sq in. 
acceleration due to gravity = 386 in. per sec? 
moment of inertia of cross-section 

constant 

lift coefficient at point y ; 
lift coefficient at point y at angle of incidence a 
change of Le accompanying change of in- 
cidence Aa 


L = lift, lb per in. 


length of airfoil, in. | 


M: = torque or twisting moment, lb-in. 


torque or twisting moment, about the posi- 


tion ¢,/2, lb-in. 


m = slope of lift curve for aspect ratio being in- 


vestigated; in this paper R = 6 


concentrated load, Ib 


p=2nxf 


p 


mass density of air,slugspercuft 


q = weight of bar per unit of length, lb per in. 
4: = intensity of distributed loading at point c on 


R 


t 


the bar, lb per in. 

aspect ratio 

distance from center of rotation to center of 

pressure, in. 

kinetic energy, lb-in. 

time, sec 

coefficient of induced angular change for | 


rectangular wings 


velocity,ftpersee 
velocity at infinity parallel to z axis, ft per sec 
or in. per sec 


vr = relative velocity, ft per sec we a 


angular velocity, radians per sec 


3—ConceptT oF Forces AcTING 


Let us consider a flat bar ABCD, the center line of which lies 
in the y-axis of a right-handed system of axes. (See Fig. 1.) 
Its chord or width CD is c¢;. Our bar has an angle of attack of 


ao deg to a wind of velocity v. The lift developed is considered 6 ‘Airfoil and Airscrew Theory,”’ H. Glavert, Cambridge Press. 4 


2 


to; be quarter ellipse EFGH, with maximum lift at the built-in 
end and zero at the tip. 

The center of pressure of any cross-section at angle of attack 
ao is represented by the line EF. Due to the lift developed, we 


" ean think of the airfoil bending to some position ABC,D,, but the 


eccentricity of the load produces a torque which twists the air- 
foil to, say, ABC,D,. Now there has been a change of angle of 
attack at the tip, reducing to zero at the root as indicated by the 
angle CJC,. This change increases the lift forces along the bar 
and deflects it to, say, ABC;D;, where the torque so built up 
might be considered to have further twisted it. This process can 
be considered to continue until the bar finally takes a position 
of equilibrium of, say, ABC,D,, where the angle CKC, will repre- 
sent the total twist angle a, at the tip. Now of course our lift 
curve has also encountered some change of shape, such that on 
the straight bar it might be represented by EFG,H. We must 
remember that the increment GG, is small because the angle 
CKC, is by hypothesis considered asmallangle. 
The lift at any point is given by ee 
Since the coefficient C, contains all the variables for a given 
airfoil and velocity, we may deal with the coefficient, and in 
order to avoid confusion let us call C; the lift coefficient at any 
point y. 


Referring to Fig. 2, from analytic geometry we have: 


Now let LZ. receive a small increase AL, such that for practical 
purposes the dotted figure may still be considered an ellipse. 
This small increase accompanies a change of angle of incidence 
Aa, as explained in the opening paragraphs of this section. 
It is to be noted that at the built-in end the change of angle of 
incidence due to lift forces is zero and that the value of Aa will 
increase from zero at the built-in end to a maximum at the tip. 
The value of L- will remain the same value at the built-in end. 
At the tip the value of AL, must also be zero. So that 


The slope of the lift curve for angles of incidence below the 
burble® point may theoretically be considered a constant of 
slope 27; nevertheless such value is not attained due to the 
aspect ratio being finite. Glauert® gives the following coefficient 
as the correction of the slope of the lift curve for aspect ratio: 

rR 


Again, because, in the wind tunnel, viecosity affects the circula- 
tion about the airfoil, we cannot hope to attain this value. We 
may introduce a factor k to allow for that portion of the slope 
of the lift curve which may be attained, so that 


5 The burble point occurs at that angle of incidence where the 
vortices in the wake of the airfoil have approached the trailing edge 
of the airfoil and are about to start rolling on the upper surface of the 
airfoil, or at that angle of attack where streamlined flow over the top 
of the airfoil ceases. See Ewald Poschl and Prandtl, ‘‘Physics of 
Solids and Fluids,”’ Blackie, pp. 321-322. 
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Qo = 

e 

4 

= 
C1 : 

. {a} 


aR 


would represent the slope of the attainable lift curve at the 
particular aspect ratio under consideration. In this expression k 
would have a value of from 0.85 to 0.90. Then 


= 


b 
R 


7 
~~ 
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t—TorQUE 


The torque on the element with reference to the center of 
gravity of the rectangular section is given by 


= [.(0.5 — 
} The distance from the leading edge to the center of pressure 
has’ been tabulated by various writers, and Eiffel’s’ results for 
aspect ratio 6 have been used herein. Working with values 
below 10 deg incidence, an empirical’ equation has been found 
which fits the data with a very close approximation—in fact, 
well within the experimental error of the data—so that the equa- 
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= (0.23478 — 1.8055a2)¢, 


¢. 


me 
> 


Fig. 2 


It will be noticed that Equation [4] is of two parts; the first 
part may be interpreted as the torque producing statical torque, 
while the second part containing Aa may be interpreted as the 

torque produced and main- 

ww) tained by warping. 
As was noted previously, 
: Aq is not constant, but varies 


= 
7 along the length. As it is a 7 
function of y, it must satisfy . 
a the end conditions: 


= and 
(Aqa)y=: = maximum 


Fig. 1 


tion of the center pressure referred to the mid-point of the chord 
given by 


where a is expressed in radians, or Ginny 
(0.23478 — 0.00055a%)c, .............. [8a] 


where eis expressed in degrees. The torque may then be written: 


Recherches sur la Resistance de l’air et 
-L’Aviation,” 1914. 

8 See methods shown in Prof T. R. Running’s book, “Empirical 
Equations,” John Wiley & Sons. 


ESS 


A suitable expression for 
Aa would be: 


Aa (: cos 


the end conditions being satis- 
fied thereby. 

The torque due to warp is 
then given by the expression :* 


m(0.23478 — 1.8055a") 


v? 
err (: — cos dy 


5—TRANSVERSE BENDING 


In this place in our problem we propose to express the — 
flection of a cantilever bar, by a series; by using the energy 
method to evaluate the constants of such series and by the super- 
position theorem find the deflection curve for a bar loaded with a — 
distributed load of the type of a quarter ellipse; then determine ~ 


® Liebers, in his article, “‘Zur Theorie der Luftschraubenschwing- 
ungen,” from Zeitschrift fiir technische Physik, vol. X, -1929, quotes — 
Reissner for authority for the approximate use of a quadratic dis- = 
tribution of this factor. Whether a quadratic or (1 — cos wy /2l) 
expression is used makes very little difference, as theerrorintroduced 
is extremely small and hence negligible. ; 


¢ 
p 
ie 
“2 
F c Kd 
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a 2 = 
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the strain energy of bending for such a deflection. (See Fig. 3.) 
A suitable series to express the deflection of the bar is given by: 


Such series satisfies the end conditions, for when y = 0, z = 0, 
and y = l,z has a finite value. 


P 
Cc 


when y mee =0 


21 
the curve is horizontal at the fixed end, satisfying that condition. 
In calculation of the coefficients a;, a2, etc. of this series, we 
will use the energy method. The strain energy is given by 


and in substituting for d*z/dy* the value 


x? 224? 2 
= a 008 008 + 


We note that even-numbered terms must be dropped in order 
to satisfy the boundary condition at y = 1, where the curvature 
is zero. Equation [e] involves the square of this derivative, 
which contains terms of two kinds in which n is an odd integer: 


By direct integration it may be shown that 


ney l 
d 


where m ~ n. Hence in integral [e] all terms containing products 
of coefficients such as aman disappear and only terms with squares 
of these coefficients remain. Then 


EI I 


and 2dnOm 


> 


We will consider one concentrated force and find the expression 
for the deflection curve. 

For a single force P applied at a distance c from the built-in 
end, and considering now a slight change in one of the terms of 
the series, say, the nth term, with all the other terms remaining 
fixed, we get for the additions uldisplacement of P= 


Gap ¢ 
dan (: 


The work done by the force P in moving through 


(: 
n om 


: dan (1 — cos . 
The corresponding change of strain energy mee 
ad 


Equating this to the work done [g] 


nan = 
32 15 


from which 
EI xr‘ 


Then Equation [6] becomes!” 


= 
xe 
2 )( 


Checking Equation [10] for the accuracy of solution, it may 
be shown that if we consider a cantilever with a single force 
concentrated at the outer extremity, the equation gives an 
accuracy within 1.2 per cent when the first term only of the 
series is used, while if three terms are used, the error will be less 
than '/; of 1 per cent. 

Having the solution for a concentrated load, we will now solve 
for the actual distributed load. From Equation [2] the lift on 


any element is given by a, 
y2 8. 


and substituting the value of ~ we get the intensity of load at 
any cross-section : 


1— 11 
+ mae cos al {11] 
From Equation [10], by substituting for P the value q:dc: 


10 For similar development of these equations, see Timoshenko, 


“Strength of Materials,’’ vol. II, Van Nostrand Pub. shat a 


2 3 
| z=a (1 — cvs + a2 (1 — 00s (1 
¥ 
Fic. 3 
‘ 
ee ; Differentiating the series we get for the slope: 
ae 
nrc 
1 
2 ) + | sare 
1 
be 
21 


ee AE RON AUTICAL ENGINEERING 
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= — Cm 


dy 


2l 


on 


unc nry 
cos 1 — cos 


. [k] 


Dealing with expression [j], choosing n = 1, 3, 5 in turn, 
evaluating the integral for each value of n, and then summing 
the integrals, will give the factor depending upon a. In per- 
forming these operations, it will be readily seen that by sub- 
stituting c/] = sin u,c = Il sin u, and de = l cos u du, there will 
come terms of the form: 


dua! 


cox2udu =|} sin2u = 
i} 


com 20000 du 


The latter two of these are of course Bessels functions and 
readily evaluated. 

Dealing now with the expression [k], this may be handled by 
direct integration after removal of the = sign and putting the 
expression in the form of a series, so that on reduction: 


3218 l (0.438a0 + (1 


14 


EI 
cos — 
2l 


758ao + 1512a2) (: 
34 

472a9 + 0.4721a2) = 
54 


(1.6217) + 0.8177a2) — cos 
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The factor 12 in the denominator is here introduced so that _ 
the load intensity may be expressed per inch of span for length — 
being taken in inches, the chord c, in feet, while v is taken in feet _ 
per second. To this point there must be careful adherence. — 
From Equation [13] the coefficients a;, a3, etc. in Equation [6] 
may be evaluated, and on squaring these coefficients and sub- 
stituting them in Equation [8], an expression for the strain 
energy becomes: 


36 4 
(1.758a9 + 1.151202)?  (1.472a0 + 0.4721a2)? 
+ 
+ 0.8177a2)? 


1 


M 
EI dy? 
the values of a;, a3, ete. in Equation [f], so that the stresses may 
be determined. 

In the present problem the determination of the relative 
stress distribution was based on solving for the moment, stati- 
cally. The foregoing series is given so that the problem of com- 
bined bending and torsion may be approached in a series form. 
Such series may possibly be combined with the series evaluations 
for vortex circulation about the airfoil. 

From consideration of the bending moment for an elliptic 
load on a cantilever beam, it may be shown that the moment 
at the root is given by 


Since we have M = EJ aa and we have now found ~ 
y 


there will be as much stress produced by twisting forces as is 
produced by bending forces. 

In adjustable metal propellers which are relatively thin, it is 
quite evident that this effect will contribute greatly to the stresses 
carried. This effect may account for some of the numerous 
propeller failures noted by Liebers. 

If a wing is rigid and if possible does not have any torsional 
vibration, then a, = 0, and the remaining portion of Equation 
[14] will give an expression for the strain energy of a wing of 


constant moment of inertia. Aw) 


6—VIBRATION OF PLATE AIRFOIL ae 


(a) Torsional Vibrations. In this section it is proposed to 
calculate the frequency of free torsional vibrations of our canti- 
lever plate airfoil, so that the frequency of resonance may be 
known. A suitable expression for the mode of vibration is of 
the form: 


We will use the energy method in this case, equating the 
maximum strain energy to the maximum kinetic energy, and 
solve for the frequency. 
The strain energy is expressed by the equation: aa 


2 
ao 
nrc 
cos 1 — cos — 
2l 2l d + 3213 pv? 
l cos — 1 — cos — 
1,3,5 
This equation has terms of two types: < ate 
and 
( l cos rc) = 
from which we conclude that when 
= —— ae = 12h [15] 
; 
cos | sin u} du =— Jo | - 
0 2 2 2 
é 
st) 


TRANSACTIONS OF 


Differentiating Equation [16], squaring, and integrating, we 
have 


Referring to Fig. 4, we note that if we reckon time from the 
« mid-position of the vibration, Vmaz occurs when sin pt = 1, or 
when ¢ = '/, cycle. 


—— 
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From consideration of the rectangular cross-section of our 
plate, and noting that the width is long compared with the 
thickness, the torsional rigidity may be expressed in the form 
C = G-1/3 be’, where c represents the thickness of the plate. 

Again we must note that a long rectangular prism, so con- 
strained that one section does not distort when a torsional 
moment is applied, has the effect of shortening the bar by an 
amount equal to 0.425 times the half width." If we apply a 

correction to the coefficient of 
torsional rigidity C, to offset 
this reduction of length, the 
frequency may be approxi- 
mately expressed : 


So that 


Thekinetic energy is givenby — 
the equation 


1 
x=—b/2 


l 


g 
0.2125b 


0.22679 
[21] 


l 


The ratio of length of plate 
_ to width of plate may be called 
the sie, and we 


=] 
(¢)? dy dx 


which, by differentiating Equa- 
tion [16] with respect to time, 
squaring, and integrating, re- 
duces to 


0.2267 gl¢o?p*b? cos? pt 


T= 


T maz occurs at time ¢ 
so that 
mar 24 9 


Assuming no loss of energy, we equate the maximum strain 
energy and kinetic energy, and solving for p? we have: 
69Cx? 

4 X 0.2267 ql*b? 


2 


0. 


We note that the frequency is independent of the angular 


Dealing with the expression 1/1 — 0.21256, we may by sub- 
stitution put this in the form y/y — 0.2125. 

Again in Equation [21] we note in the denominator in front 
of the radical the factors lb, for which we may substitute 1?/y, 
so that we may express this Equation [21] in me Seog 


6 


0.2267 


1 


1 


(y — 0.2125) 


11 §. Timoshenko, ‘“‘On the Torsion of a Prism, One of the Cross- 
Sections of Which Remains Plane,” Proc. London Math. Soc., 1921, 
“ Pp. 389. 4 
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and substituting c; for b 


1 


ae Vo.2267°3 (y — 0.2125) 


Thus, for example, a plate of these dimensions: / = 18 in., 

= ¢ = 3in.,c = '/sin., y = 6, G@ = 11,650,000 lb per sq in., 

= 0.10625 lb per sq in. of span, g = 386in.persec*. By direct 
substitution in Equation [2la] and solving, we obtain for the 
frequency 46.7 cycles per sec. 

(b) Induced Torsional Damping. Mr. J. P. Den Hartog'? 
has called attention to the self-induced vibrations of sleet- 
covered wires at various wind velocities. He notes that the 
relative wind is inclined at an angle to the axis of the shape 
considered to simulate a sleet-covered circular wire, and there- 
from obtains a driving force to maintain vibrations in a vertical 
plane. 

We will apply the method to another problem, but this time 

in erosion. Consider an airfoil to be loaded in such manner 
that the lift and drag forces may be considered as the only 
external forces acting, and allow these to act at the center of 
pressure of the airfoil. In general, the center of pressure and the | 
axis of twist will not coincide, but will be at some distance apart. 
~The relative wind due to the velocity of vibration will be in- 
— clined to the translatory flow, so that the relative wind on the —— | 
upswing of the vibration will be different from the relative wind *e % 
on the downswing. Because the lift and drag act normal and Time for One Cycle 
parallel to the relative wind at any instant, they will both have Fic. 6a 
components normal to the airfoil. Designating the sum of these 
- components as the driving force Fp, we get therefore an induced 
torsional damping as a result. 
_ Consider an airfoil to be represented by a flat plate and let it 
_ be at an angle of incidence a, such that 


~|Orag Component of Driving force 


= ao + sin pl 


as shown in Fig 5a. Let An be a small change in the angle of 
incidence; assume the plate to be in torsional vibration about 
_ its mid-point and that such vibration is small and simple har- 
- monic; let r be the distance from the center of twist to the center 
of pressure, and va be the tangential velocity of the center of 
_ pressure at any instant during vibration. If the angular velocity 
of the plate is w, then the tangential velocity of the point P is 
given by or. 
Combining the velocity va taken in proper sense to allow for Fie. 6b 
the direction of representation of the translatory wind flow, we 
can obtain the relative wind velocity vy. The lift and drag 
forces act normal and parallel to the relative velocity. The 
normal component of the lift will then be LZ cos @, where 6! is 
the angle between the normal to the plate and the direction of 
the lift at the instant under consideration. Similarly D sin 6 
_will represent the drag component normal to the plate. The 
driving force Fp will then be the sum of these two components. 
It will be noted that the angle of attack 6 of the airfoil is greater 
at mid-position on the downswing than at the same position on 
the upswing. Hence we may expect a greater value of Fp at that 
time, and since this increase of force opposes the motion, damping 
will result. 
Plotting the driving force Fp against time for one cycle, we get 
a curve as in Fig. 6a, and plotting the angle of incidence against 
a time base we get a sinusoidal curve, Fig. 6b. Now plott:ng the 
product of the driving force and its moment arm r against the 
angle of incidence, we get a loop, Fig. 6c, which is a measure of 
the damping per cycle. This damping is small but positive. 


° 
D 
< 


% j 
Time for One Cycle 


Induced Damping 
Loop }--.. 


Note: Component 
only of Dri Ving Force 
used 


Moment: Coefficients of Av*per Inch of Length 


12 J. P. Den Hartog, ‘“Transmission-Line Vibration Due to Sleet,” 
A.I.E.E., June, 1932. rar 
13 See Appendix for mathematical derivation of 


Values of x in Degrees 
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For self-induced torsional vibrations to exist there must be a 
moment acting on the airfoil greater than the damping moment. 
Such a moment may possibly be attributed to the impulsive 
moment connected with the shedding of the Karman-type 
vortices from the airfoil. 
6—CoNCLUSIONS AND SUMMARY 


Self-induced torsional vibrations were observed at the natural 

* frequency of the plate airfoil. The amplitude of the observed 

vibration being approximately 5 deg, there is little doubt that 

the forces producing such vibrations must appreciably exceed 
the damping as indicated in Fig. 6c. 

If we denote the amplitude of the vibration as being a part of 
a2, we see the effect on the lateral bending as expressed in the 
equations for the stress distribution. From the expressions for 
the strain energy and moment we note that the vibration must 
play a major part in the energy and stresses in the airfoil. 

Since a propeller is a rotating airfoil, it is probable that it also 
has a period of self-induced torsional vibration. Centrifugal 
force will have no effect on the torsional vibration so set up. 
This vibration is confirmed by the peculiar torsional fracture 
with which propellers frequently fail. 

We cannot expect to remove these self-induced vibrations, 
but we should endeavor to keep the periods of other vibrations 
such as lateral vibration of a wing or fore-and-aft vibration 
of a propeller as far removed as possible from the self-induced 
vibration. In this manner we will remove the likelihood of 
resonance conditions being set up with damaging or critical 
results. 

The method used in making observations in the wind tunnel 
has indicated that great studies may be made in the vibration 
measurements by such means. 


Appendix 


Referring to Fig. 5a, let zz be the line of reference, ao be the angle of 
incidence at the root, and a = ao + a sin pt. 

Assume distribution of load over the chord, represent the center of pres- 
sure as c.p. and its distance from the axis of rotation by r, and consider the 
c.p. to be moving in the direction of a increasing. 

For the sake of representing motion of the airfoil in true sense, let us 
refer again to Fig. 5b. 

In the complex form rr = ra + v. Now 


22 


2 


But ef = 1 + — 90% 


approximate and write 


= 7 and if z is small, we may 


va = wri[l + [A3] 


vr = wrill + + [A4] 


L = = —wr[l + Anije™ + voi ............ [A5] 
Amplitude is 
L 


va 


+ Anije™ + voi 
wri[l + 


[A6] 


since 1/1 + Ani = 1— Ani. 
i 


[A7] 
wr 


a> 


Now take components as real and imaginary and remembering that 


20 
ott 


= cos u + sin u 
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z 


0 


= 

cos an sin x 

a i 

vod 

cos ao X 
@r 


vo, vod 
1 — — sin ap — —— cos ao 
wr wr 


— C08 ae 
wr wr 


sin ao 


Dividing through by vo/wr, we get 


[A8a] 


wr 
Sin ao — An cos ae 
tan@ = 


cos ao — An sin a0 
Now consider the denominator 
1 


= 
cos ao — An sin ao 


1 
cos ao — An 


sin = cos ao 


sin 
ao 


Substituting this last expression, expanding, and neglecting the 2d orde 
of small quantities of An, we get 


ao 


wr wr 
— ao — An cos ao + tan Ansin ao tan ao 


cos ao 


wr 
nee ao — tan ao— An (1 + tan? ao — ao tan ae) 
vo 


wr wr 
— sec ao — tan ao— dn (sec? ao — sec ao tan ao) [A8bd] 
ve vo 

Now in Equation |A8b] we substitute for 


w = (ao + asin pt) 


r = (0.23478 — 1.8055a*)c1, p/2e =f 


= apcos pt, An = a sinpe 


for flat plate airfoil. 

We can now solve for the value of © for any instant in one cycle. It will 
be noted for c: = 3in., ao = 4deg, m = 1 deg = 0.0175 radian, that @ hasa 
different value on the downswing than on the upswing. Computing the lift 
per inch of airfoil and resolving it normal to the chord gives the driving force 
due to the lift 

It is a well-known aerodynamic law that 


+ 8) 


and that for R = 12 - 
(CL)R =12 = 0.804 
y 
+8) 


and Glauert!* in his book on airfoil theory gives 5 = 0.096 


2 
D= (Crip 


[A10] 


and hence its normal component may be found, so that the driving force 
due to the drag may be found, and hence the total driving force F may be 
determined at any instant. 
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of Large Hell Gate Direct- 


Fired Boiler Units | 
By W. E. CALDWELL,! NEW YORK, N. Y. 


Among the outstanding features which characterize this 

_ boiler installation is a capacity of each of the two units in 
excess of 1,000,000 lb per hr. The direct-fired, slag-tapped 
_ furnace with a twin arrangement of sectional header boil- 
_ers above a single furnace is an innovation. The building 
that houses the two boilers, bunkers, and all auxiliaries 

is 78.7 ft by 106.5 ft and is 162 ft high, or a building volume 
of 680 cu ft per 1000 lb steaming capacity per hour. The 
_ steam conditions of 275 lb per sq in. pressure and 725 F 
a 7 temperature are the same as those prevailing in the re- 
mainder of the plant. The circulation of each half of 
the boiler unit, with its accompanying proportion of water 
walls, is independent. The superheater, economizer, and 
air heater of each half of the unit are also independent. 
The air-inlet end of the air heaters and similarly the gas- 
discharge end of the air heaters are connected to a com- 


HIS boiler installation at Hell Gate 

Station was erected as a boiler- 

room extension on land which was 

limited in area by existing structures and 

a street boundary. This limitation in area 

necessitated a design which would utilize 

the site to the greatest advantage without 

exceeding the height limit imposed by the 

city building code. The quantity of steam 

necessary to satisfy the installed turbine 

capacity was greater than could be pro- 

duced by the boiler-plant extension. This 

consideration rendered necessary an installation capable of de- 

_ veloping the maximum rational capacity in the available space 

in order to reduce the extent of revamping of the older boilers 

_ which otherwise would be necessary. As a railroad siding which 

enters the turbine-room basement passes across one side of the 

chosen site, it was necessary to arrange the design to accom- 
modate this sidetrack below the boiler level. 

Among the outstanding features which characterize this in- 

stallation consisting of two units is a capacity of each unit in 

excess of 1,000,000 lb per hr. Direct-fired, slag-tapped furnaces 


1 Research Engineer, The United Electric Light and Power Com- 
pany. Mem. A.S.M.E. Mr. Caldwell received his engineering 
education at Drexel Institute, Philadelphia, Pa. He joined the 
_ United company in 1913 as chemist and engineer of tests, successively 
serving in other capacities. He was identified with engineering de- 
_ sign, operation, and testing of pulverized-fuel boilers installed in 1924 
at Sherman Creek Station. These were the first pulverized-fuel 
boilers provided with water-wall furnaces, and a variety of combus- 
f tion systems featured the installation. In the same installation the 
_ first commercial slagging furnace was introduced. Experience here 
= included work on the development and testing of flue-dust catch- 
- ers. Mr. Caldwell also was identified with engineering design, 
- _ testing, operation, and betterment work in Hell Gate Station, on 
_ both stoker and pulverized-fuel equipment. 
_ Contributed by the Fuels and Power Divisions and presented at 
_ the Semi-Annual Meeting, Chicago, Ill., June 26 to July 1, 1933, of 
Tae American Society oF MECHANICAL ENGINEERS. Awarded 
_ the Melville Medal for 1933. 
_ Nots: Statements and opinions advanced in papers are to be 


» understood as individual expressions of their authors, and not those 
of the Society. 


mon plenum chamber to eliminate the fan auxiliaries 
as a source of boiler outage. By this arrangement the 
unit may develop about 75 per cent of maximum capacity 
with half of the fan equipment idle. Aside from innova- 
tions regarding the twin arrangement, the boiler and fur- 
nace are of conservative design. Heat-release rates, ab- 
sorption rate per unit of surface, and gas velocities enter- 
ing the tube bank are moderate. Large boiler drums were 
provided in order to confine water-level fluctuations within 
safe limits regardless of the rapidity or range of load 
changes. The visible range within the water glass ac- 
commodates a 13 per cent change in the volume of water 
contained in the boiler and water walls up to the normal 
water level. This is equivalent to 4.5 per cent of the 
hourly output at maximum capacity on the basis of solid 
water. 


with a twin arrangement of sectional header boilers above the 
common furnace is somewhat of an innovation. The furnace 
is the largest so far installed, and this is the first application of 
sectional header boilers with the twin-setting or end-to-end 
arrangement. 

The building is 78.7 ft by 106.5 ft and is 162 ft high, housing 
two units, and the ratio of building volume to boiler capacity is 
680 cu ft per 1000 lb steaming capacity per hour. Correcting 
the building volume for the space devoted to railroad tracks and 
court entry, the ratio becomes 636 cu ft per 1000 Ib per hr 
capacity. 

With the limited space conditions, the flat-bottom slagging 
type of furnace became almost a necessity. In the absence of 
space for an ash hopper of the dry-bottom type, careful thought 
was given to the slagging furnace for the grades of coal and type 
of load to be encountered. Earlier problems with slagging fur- 
naces at Sherman Creek Station had been experienced, and this 
pioneering work left little doubt as to the attractive possibilities 
of the system. 

The four mills and their auxiliaries are directly below each fur- 
nace, while the forced- and induced-draft fans are immediately 
above the air heaters. The coal bunkers are below the fan plat- 
form, from which coal is fed by gravity through vertical chutes 
to the mill feeders. Each chute supplies one mill and is provided 
with a Richardson automatic scale ahead of the feeder, with re- 
mote indication at the control board. These scales facilitate 
accounting and control, as well as testing. There are two drag- 
conveyer feeders per mill located on the operating floor and ac- 
cessible from the control board. The feeders are driven by direct- 
current motors from motor-generator sets with Ward Leonard 
speed control. 

BorLers 


The steam conditions, 275 lb per sq in. pressure and 725 F 
temperature, are the same as those in the remainder of the plant. 

With the end-to-end arrangement of boilers over the common 
furnace, access space was necessary between the headers, and 
a seal had to be provided between the furnace and this opening. 
This was accomplished by bringing the bottom slag-screen tubes 
under the bottom of the high-end headers and entering the op- 
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posite side of the header by a wide-sweep return bend in the 
tube. This arrangement provides a water-cooled support for 
the protecting tile beneath the headers and also the baffle be- 
tween header access space and furnace. The circulation of the 
two boilers is not interconnected, and each supplies its half of 
the furnace water walls, so that the circulation of each half of 
the units is entirely independent. The superheater, economizer, 
and air heater of each half of the unit are also independent, al- 
though the discharge end of the air heaters is connected to a com- 


Fig. 1 Cross-SEcTION oF BoILER 


mon plenum chamber. This common-plenum-chamber arrange- 
ment renders the installation more independent of induced-draft 
fan outage, since the unit may develop about 75 per cent capac- 
ity with half of the fan equipment idle. The same general 
practise is applied to the forced-draft connection to obtain the 
same benefits of diversity and availability. This combination 
was obtained by a slight inclination of the air preheaters and by 
the elimination of separating partitions. 

Aside from innovations regarding the twin arrangement, the 


boiler and furnace are of conservative design. Heat-release 
rates, absorption rate per unit of surface, and gas velocities 
entering the tube bank are moderate. The water capacity of 
the boiler and economizer is rather large, and while the resulting 
accumulator effect renders the unit somewhat slow in response 
to changes of rating, it has a very desirable stabilizing influence 
with fluctuating loads. The 72-in. boiler drums are adequate 
to permit wide changes in rating without danger of carry-over 
from the drum. Large drum capacity is especially important 
with the moderate pressure and relatively high specific steam 
volumes prevailing, in order to accommodate the swelling con- 
tents of the boiler with wide increase in rating. This removes 
one of the possible limitations to flexibility and responsiveness, 
since water-level fluctuations are confined within safe limits re- 
gardless of the rapidity and range of load changes. With ade- 
quate drum capacity, the feed-control problem is simplified and 
the attention required by the operators is reduced to a mini- 
mum, 

The visible range within the water glass accommodates a 13 per 
cent change in the volume of water contained in the boiler and 
water walls up to the normal water level. This is equivalent to 
4.5 per cent of the hourly output at maximum capacity, on the 
basis of solid water. 

The boilers are provided with three horizontal circulator tubes 
per section, arranged to minimize discharge friction and insuring 
an effective hydraulic head on all tubes. This lessens the likeli- 
hood of stagnant circulation, with the accompanying problems, 
and is of benefit from the standpoint of boiler maintenance and 
availability. The boiler drum is fitted with shutter-type baffles 
for moisture separation. Saturated steam is distributed to the 
superheater by means of a number of off-take tubes distributed 
along the length of the boiler drum and connected with the satu- 
rated-steam header on the superheater. This arrangement 
assures uniform steam distribution through the superheater, with a 
minimum of pressure drop. The economizer is of the conven- 
tional hairpin type, while the air heater is the standard tubular 
type, both being arranged for countercurrent flow. =e 


Each mill delivers to three cross-tube burners in a horizontal 
row, distributed across the furnace width, there being two rows 
at each end of the furnace, one above the other. This provides 
well-balanced furnace conditions with almost any combination 
of mills. Individual burners may be cut out by closing a valve 
in the top of the mill, which diverts the coal and primary air from 
that burner to the remaining outlets and burners. There is an 
oil burner just below each coal burner, for ignition purposes only. 
The Bailey water-cooled furnaces are, roughly, 41 ft long be- 
tween burners, with a width of 34 ft and a mean height of 30 ft. 
The furnace volume is 40,770 cu ft, giving a heat liberation of 
about 35,000 Btu per cu ft, at 1,000,000 lb per hr evaporation. 

The furnace bottom is provided with air cooling by forced cir- 
culation from a centrifugal compressor delivering air at about 1 
lb pressure. Immediately below the slag bed is an impervious 
layer of crushed magnesite supported on a porous layer of chrome 
ore. The cooling air is distributed by transverse ducts in the 
layer of chrome ore, from which it is discharged into the furnace 
at the side walls above the slag bed. The quantity of air used 
for cooling is determined from the Bailey air-flow meters which 
form a part of the regular operating equipment. 

The preheated-air temperature being moderate, permits 
normal operation without the use of tempering air and the atten- 
dant manipulation required where higher preheat is used. With 
a direct-fired system there are many adjustments which must be 
readily coordinated, and in the interest of reliability these were 
kept to the minimum. 


BURNERS AND FURNACES 
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INSTRUMENTS MOUNTED ON 


FANS 

There are four induced-draft fans per boiler unit 
and two forced-draft fans. The induced-draft fans 
are connected in pairs and driven through reduc- ‘e 
tion gears by a high-pressure, high-speed turbine, : 


the exhaust steam from which is used to operate the, CONT oF CONTROL OF wis 
low-pressure turbine driving the forced-draft fan. coats oF 4 f CONTROL OF 4 
s 
wil A 


MANUAL CONTROL OF PRIMARY 


. 
Local conditions of plant expansion constituted a 


factor in the selection of fan drives. With the ex- 
isting conditions evaluated, the differences between 
various types of drives were small, and the turbine 
drives were chosen for convenience. The exhaust Pe 
steam from the low-pressure turbines which drive the 
forced-draft fans is discharged through short con-  Fic.5 PLAN View or ContTrot Boarp ror BorLers 91 AND 92 
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[Fig. 2. Section of the Control Board Showing Control for Each Boiler. Legend: 1, Bailey steam-flow—air-flow meter. 2, Smoot control panel (individual 
boiler control). 3, air- and oil-line pressure gages. 4, control air-pressure gages. 5, transfer cocks (from manual to pressure control), two valves. 6, con- 
trol wheel (manual control). 7, transfer valve (coal-feed safety device). 8, maximum-rating-limit valve. 9, minimum-rating-limit valve. 10, control air- 
supply valve, two valves. (Nos. 2 to 10 are in the Smoot control.) 11, drum-water-level indicator. 12, feedwater-valve position indicator. 13, 
indicating lights for feedwater valve. 14, switch controlling feedwater valve. (There are two sets of 11, 12, 13, and 14 foreach boiler.) 15, draft gages, 10 
points (boiler, economizer, air heater). 16, pressure gages: (a) drum pressure, westdrum. (b) and (c) receiver pressure. (Pressure in receivers of two sets of 
compound steam turbines driving forced- and induced-draft fans.) (d) drum pressure, east drum. 17, emergency trip switch for coal feeders, mills, and alll 
blowers. 18, tachometers (four for fan turbines), voltmeters (two for Ward Leonard coal-feeder control). 19, transfer switches (four for fan turbines, two for 
coal feeders) from hand to automatic control. 20, regulator position indicating lights for use when changing from hand to automatic control (in connection 
with 19). 21, push-pull switches for hand control of fan turbines and coal feeders (four for fan turbines, two for Ward Leonard coal-feeder control). 22, 
damper control, position-indicating light (damper between economizer and air heater). 23, damper control, switch. (There are two sets of 22 and 23 per iy 
boiler.) 24, lights indicating the functioning of an alarm for failure of Ward Leonard motor-generator sets (two sets for two boilers). 25, switches for con- _ 
trolling bell alarm for failure of Ward Leonard motor-generator sets (two sets for two boilers). 26, indicating lights. 27,switch. 28,ammeter. (Instru- 
ments 26, 27, and 28 are for control of furnace-bottom cooling blower.) 

Fig. 3 Section of the Control Board Showing Control for Each of the Four Mills for Each Boiler. Legend: 1, air suction, pressure, and differential gages, 
four points (for mill blower and mill). 2, coal-scale counter. 3, mill-motor ammeter. 4, mill-blower-motor ammeter. 5, sequence cut-out switch and indi- 
cating light (mill, blower, and feeder). 6, mill-motor alarm-signal switch and indicating light. 7, mill-motor control switch and indicating lights. 8, coal- 
scale switch and indicating light. 9, mill-blower-motor control switch and indicating lights. 10, mill-blower-motor alarm-signal switch and indicating light. 
11, coal-flow indicating lights. 12 and 13, mill-feeder-motor-control switches (two feeders per mill). 14 and 15, mill-feeder-motor rheostats (two feeders per 
mill). 16 and 17, mill-feeder-motor tachometers (two feeders per mill). 18, line switches for mill-feeder-motor power supply, from Ward Leonard generators 
(two feeders per mill). ‘ 

Fig. 4 Section of the Control Board Showing Instruments Common to Both Boilers. Legend: 1, pressure gage, steam-line pressure. 2, Telechron clock. 
3, pressure gage, feedwater-iine pressure. 4, pressure gage, suction head on heater condensate pump. 5, load indicator, total station load. 6, pressure gage 
steam pressure in feedwater heater. 7, pressure gage, fuel-oil pressure. 8, temperature indicators, two indicators, one for low-temperature range and one for 
high-temperature range, on boilers 91 and 92. 9, switches for temperature indicators, boiler 91. 10, switches for temperature indicators, boiler 92. 11, 
switches for temperature indicators, common to both boilers. 12, signal lights, signal sending and receiving stations to and from mills, mill blowers, and fans 
(left side, boiler 91; right side, boiler 92). 13, belt-coal-scale indicating counter, one for main belt conveyer serving both boilers. 14, water-flow-meter 
indicator. 15, water-flow-meter integrator. (Instruments 14 and 15 are for both boilers.) 16, indicating lights. 17, switch. 18, ammeter. (Instruments 
16, 17, and 18 are for control of furnace-bottom cooling blower, a spare blower serving either of the two boilers.)] 
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Control of this installation has been brought to a central loca- 
tion, with the necessary instruments and devices provided so that 
operation is greatly simplified. The control board is illustrated 
in Figs. 2 to 7, inclusive. Practically all adjustments for start- 
ing, stopping, and changing the output are made from this con- 


trol station. Sequence interlock relay protection is provided to 
guard against flarebacks or explosions due to mechanism failures 
or mishandling. 

The installation is fitted with the same type of control mecha- 
nism as that on the earlier boilers and is designed to operate in 
conjunction with the other apparatus. Control may be changed 
from automatic to hand, or vice versa, at will. The importance 
of the control board is more apparent when the operations that 
must be closely coordinated in starting are considered. Figs. 8 
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and 9 depict graphically the sequence of operations followed in STARTING ue pata 
starting the boiler from the cold condition and also the method ee ae 
followed after a normal shutdown over the midnight watch. STARTING yr FRGM cuppeapenes 
The intent of this method of starting from cold is to apply NOTE: con R BLOWN DOWN 
heat very gradually about the furnace, so that proper circulation WISEINTERVAL 
may be established throughout in order to avoid excessive tem- iz 
perature stresses. With the direct-firing arrangement, this neces- 
sitates operating the mills for short intervals in rotation and is 
conveniently accomplished from the central control board. The 
boilers are started each morning on weekdays, at which time the 
furnace is hot from the previous day’s operation and there has 
been very little loss of steam pressure. Under these conditions 
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(During warming-up period, four corner burners, 2A, 3C, 2C, 3A, are op- 
erated alternately, one burner at a time.) 
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the unit goes on the line within a few minutes after the first burner | 

The maximum capacity of the installation is limited by the 
fans and pressure drop through the superheater. With the aver- 
age grade of coal used, the mill capacity is near the limit when 
other limiting conditions are approached. The lower limit of 
output is established by the minimum practical capacity of one 
mill, together with secondary-air leakage through the burner 
dampers of the idle mills. The heat radiated by the hot slag 


CapaciITY AND FLEXIBILITY 


bottom provides strong ignition and minimizes the danger of 
flarebacks with one-mill operation or under unfavorable coal- 
feed conditions. The boiler has been operated for sustained 
periods at outputs as low as 200,000 lb per hr and as high as 
1,080,000 Ib per hr. Under test conditions these figures could 
be considerably bettered at both ends of the range by means 
well known to many operators. However, a more rational 
basis of rating for daily operation may be considered as from 300,- 
000 Ib per hr to 1,000,000 Ib per hr. 
RESPONSIVENESS 

Tests were conducted under the supervision of the manufac- 
turer’s representatives to determine the rate of response of the 
mills for various changes in the feeder speed, together with the 
time effect on steam output from the boiler. These data are 


MAILL- 1 


Fig. 11 ARRANGEMENT OF PipING BETWEEN MILLS AND BuRNBERS 


TABLE 1 TEST OF BOILER NO. 92, HELL GATE STATION—RESPONSIVENESS OF BOILER TO INCREASE IN LOAD 


——Steam flow,—— 
1000 lb 


Over- 
travel 
of 
coal 
feeders, 


per hr 
Be- 


fore After 
change change 


-——Speed of coal- 
feeder motors, rpm 
Maxi- 
mum 
during 


Initial change 


wet 
OM 


620 


Period 
of 
over- 


-——Rate of 
change in 


steam flow, 


Per 
supply* boiler 
FS 


+ 


POO 


BRAM 


2.5 


* During these tests the speed of the coal feeders was increased in four steps, so as to approximate an automatic control; the period of the maximum over- 


travel was 1 min and that of the total overtravel 1.5 min. 
change in the coal feed. 
Nore: 


4 + Time lag represents the interval of time required for the stabilization of the steam flow after a 
¢ FS means the air supply follows the steam change; FC 
The actual tests for the last two runs indicated a temporary stabilization at a lower final speed of 850 rpm due to the accumulation of coal in the 


C means the air supply follows the coal change. 


mills during the overtravel period, but since these runs were not sufficiently prolonged to establish the correct final speeds, the reported values for these final 


speeds were assumed to be in proportion to the increase in steam flow. 


| 
ae | 
WwW 
MILL-4 
MILL-§ 
2 
creas in- in 
in coal- travel steam Change 
steal feeder of er hr pres- in 
flow speed, coal Time Lil sure, water 
[Hei ' per per feeders, lag, Per lb per level, 
> teed teed cent Final cent cent min minb mil sq in in 
600 725 125 832 31 0 
520 740 220 855 855 46 0 
810280 959 959 63 0 
cerita 420 720 300 50 1005 806 79 25 
2 > 400 720 320 50 1200 800 78 50 
Seas f 410 710 300 50 1400 800 78 75 
410 740 330 50 1500 800 78 87 
400 710 310 00 1250 925 85 35 
Sm 390 590 200 00 1250 800 60 56 
380 6640 260 00 1350 800 60 69 
3802 660 280 900 1300 850 70 53 
410% - 720 310 319 1341 1080 75 24 
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indicative only, since it was not convenient to carry if 
out the tests with the precision of an evaporative 
test nor to entirely eliminate influences tending to 
affect the result of the observations. 


Some of these tests are recorded in Tables 1 and 2 q 


FEE 


| IN INCRE ASE IN GAL FEED 
| NO OVERTRAVEL OF FEE NO OMERTRAY VEL OF FEEDERS 


CHANGE CHANGE IN STEAM FLOW 
TINE OF CHANGE TINIE OF CHANGE 45 


3 
Rate. | 38 RATE- | 62200 
(TE » PER MiLL| 9600) ux : MILL. | 15540: 
CHANGE IN HEADER PRESS CHANGE INHEADER PRESS. 
tests covered both increase and decrease in output, KCHANGEIN WAFER LEVEL LeveL 
with observations recorded on 15-sec intervals. | FEEDER 
rhe time lag between the coal-feeder change and FEEDER SPEED 959 RIPM 
the change in heat input to the furnace was de- i | aF ome 
termined by ascertaining the variation in CO, in the 283 y, 
flue gas while maintaining a constant supply of pri- 4 
mary and secondary air. The change in CQ, at the 637 RPM e 
boiler outlet commenced within 15 sec from the \\_ISTEAM FLOW 
start of the change in coal feed, and the stabil- LAIR FLOW I | 


: : T h 4 2 3 
ized condition was reached in about 2 min. The MINUTES 


beginning of the change in the steam flow com- J 
‘ IN ICOAL |FEED IN COAL FEED 
menced from 12 to 18 sec after the change in coal 50% OVERTRAVEL OF FEEDERS 24 %OVERTRAVEL OF FEEDERS! 


feed, and it reached the final value in from 2.5 to CHANGE IN STEAM FLOW 2200d0 FLOW 3°08 
4.5 min. The shortest lag was obtained by giving RATE + l: 72300 RATE | 95,400 
considerable overtravel to the coal feeders and by 
adjusting the secondary-air supply to follow the FEEDER SPEED 
_ change in coal supply instead of following the steam FEEDERS 
flow. The most rapid increase in output was 
— 350,000 Ib per hr in a period of 2.5min. The rate 
of the increase was 35,000 lb of steam per-hour per 
mill per minute, or 140,000 lb of steam per hour 


per minute for the boiler. This increase in evapo- | 
ration represents 100 per cent change if referred to wary 
_ the load at the beginning of the change, and 14 per n 
cent change if referred to the maximum capacity. a - ee RP aL 
Very little change is required in the primary-air 
control for the full range of mill capacity, and this CHANGE IN WATER LEVEL CHANGE IN WATER LEVEL 
may be accomplished with one or two adjustments 2 
tap opening. The chilling of the slag necessitated almost con- 
tinuous use of bars and hooks to keep the slag flowing, at the 


iN THE CHANGE OF STE AM FLOW AF TERA CHANGE IN IN COAL! 


and are also shown in Figs. 12, 13, and 14. The 


__RATE - 


STEAM FUOW-|1000/LBS PER HOUR 


Fig. 12 Time Lag In THE CHANGE OF SteAM FLow AFTER A CHANGE IN COAL 
Freep (INCREASE IN FEED), BorLeR 92 

through the mill for practically all conditions. (Note: The Rate of Change, at top of diagram, should be 38,400, instead of 38,000.) 

This would lessen the probability of a mill plug- 


- ging up and would simplify operation somewhat, but operating convenienced slag removal, due to the chilling effect of the air 
conditions thus far have not warranted this reliament. - drawn against the slag stream at high velocity through the slag- 


for the complete range. It is probable that a sim- APSEDTIME-MINUTES ELAPSED TIME-MINUTES 
SLAGGING 
With the load conditions necessitating shutting down these expense of much physical labor. 


ple automatic control could be provided which 
would independently maintain constant air flow 

boilers about eight hours daily on the midnight watch, a problem The situation was improved somewhat by the substitution 
was introduced in slag removal. This was somewhat aggra- of water-cooled slag liners, to which the slag did not adhere so 
vated by the occasional delivery of coal having a high fusion ash tenaciously. This rendered the labor of clearing the slag spout 
and the necessity for running a rather high furnace draft to pro- much easier, but still required, with normal grades of fuel, con- 
tect the upper seal in the furnace against the furnace-stack effect stant attendance to insure a continuous flow. Tests were made 
and consequent gas pressure. The high furnace draft greatly in- with fluxes, and some improvement in slag removal resulted. 


TABLE2 TEST OF BOILER NO. 92, HELL GATE STATION—RESPONSIVENESS OF BOILER TO DECREASE IN LOAD 
Steam flow,— 
1000 Ib De- Period 
crease Under- of ——Rate of —~ 
-—Speed of coal-—— in travel under eas change in 
feeder motors, rpm coal- travel 
change Min- feeder of 
in mum ad, coal 
on during feeders, Air 
feed iff. Initial change i min i supply* 
750 
690 
680 
590 
620 
630 
690 
690¢ 


steam flow, 


_ _@ During this test the speed of the coal feeders was decreased in three steps, so as to approximate an automatic control. ®& Time lag represents the in‘erval 
of time required for the stabilization of the steam flow after a change in the coal feed. ¢ FS means the air supply follows the steam change; LS means the 


air supply leads the steam change. 
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GIN THE C FE! ambient temperature conditions prevailing are re- 
| Q DECREASE IN COAL FEED)| produced in Fig. 15. The decline in pressure has 
AO OC RTAATEN OF FEEDERS CRE ASE : been used as a measure of radiation, and while this 
cusluce w kreauletow is not a strictly accurate method, it is an indication 
TIME OF CHANGE 4.75 of relative value for comparison purposes. The 
pa maui [1422 = pressure in one of the boilers of the unit declined 
WATER LEVEL 15 rapidly than the other, wend to fact. that 
amper leakage on that half was somewhat greater. 
7 FEE 4 FEEDERS Immediately after shutting down there was a slight 
i delay in closing the dampers, after which, it may be 
observed, the pressure in the boiler increased due to 
the absorption of heat from the hot slag bottom. 
NS After about six hours the rate of change in heat 
— content of water in the boiler became nearly con- 
450/RPM Pa « stant, and this may be regarded as a rough in- 
2 3 dication of the radiation rate. This rate of radia- 
SED ive-miure ELAPSED TIME-MINUTES tion is equivalent to about 0.2 per cent of the heat 
input at maximum capacity. This method of ac- 
counting presupposes water temperature through- 
out the boiler corresponding to the pressure and 


CHANGE IN E faup.| includes the water equivalent of the metal parts in 
TIME OF CHANGE 40 |MIN. 


contact with the boiler water. Undoubtedly, a 
RATE |: 575008 77 : 
large proportion of the heat loss is due to unavoid- 
OROP 


STEAM FLO FLOW 
_ AIR] FLOW 


HDUR 


ELAPS 


| 


ISTEAM FLOW — |1000/LBS |PER 


able infiltration and damper leakage, and it is prob- 


able that the hot slag bed acts as a heat accumu- 

lator in reducing the rate of pressure loss in the 
EEPER SPEED TY boilers. In any event, the characteristic is advan- 
4FEEDERS }-AIR|FLOW| tageous in this installation, since it simplifies the 
[st FEEDER SPEED problem of starting the boiler daily after an over- 


A ‘ FEEDERS night shutdown. 
RS Primary AIR 
\SOQRPM The primary-air fans are located on the inlet side 
on of the mills with the mills operating under pressure. 
4 5 D 2 4 5 The primary-air supply to the fans is taken from 

ELAPS D | the main air duct and protected against possible 


Fig. 13 Time Lac in THE CHANGE or STEAM FLow AFTER A CHANGE IN CoAL backflow by light unbalanced non-return dampers. 
Freep (DECREASE IN Coat Freep), BoILer 92 In addition, the primary-air supply pipe is extended 


ELAPSED TIME-MINUTE$ 


The fluxes, however, did not seem to combine chemically with TIME LAG IN THE CHANGE OF 0, AFTER A CHANGE IN FEED 


the ash, but appeared to form an insulating scum on the surface 

which protected the underlying slag against the chilling effect of 

7 the inrush air. The method of introducing the fluxes was rather 

- erude, but the benefit appeared to be physical rather than chemi- 

cal. This also seemed to be borne out by the fact that fluxes 

which should be expected to have little effect in depressing the 

melting point appeared to have a pronounced influence in pre- 
___venting chilling of the slag stream. 

As a final corrective measure one slag opening and its receiving 
chamber were encased, and means were provided for inducing 
draft in this chamber during the slagging period. By inducing 
draft in this chamber greater than that existing in the furnace 

hot gases from the furnace are withdrawn with the slag instead 
of permitting cool air to exert a countercurrent effect on the slag 
_ stream during its passage. This resulted in a marked improve- 
ment in the slagging operation, eliminating the frequent use of 
hooks and shortening the time required for slag removal. With 
this improvement, slag which is fluid enough in the furnace to 
approach the opening may be readily withdrawn. 


IN LAST PASS 


Rate 
The boilers have a low radiation loss due to tight, well-insu- 
lated settings, with slag bottoms and tight-fitting uptake damp- 
ers. Observations made during a shutdown in winter with low AIR FLOW HELD CERSTANT 
Fre. 14 Lac in Tae Caanae or CO: Arrpr a CHANGE IN 
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vertically a substantial distance within the air duct, 
so that it does not communicate with any part of 


__ OBSERVATION OF A GRADUAL LOSS OF DRUM 
PRESSURE WITH THE BOILER ISOLAT 


the plenum chamber adjacent to the burner open- 


ings into the furnace. As an additional precaution 
a balanced relay is provided to cut out the mills 


and other apparatus in the event the furnace pres- 


DRUM pressure 


sure exceeds the air-duct pressure for an appreciable 


INFD. & 1D FANS, OFF 


CHANGE IN HEAT CONTENT 
CONTAINED IN 


time interval. 
TEST PROCEDURE 


SCALE ON THE RIGHT) 


CUMMULATIVE GAIN 


The tests were conducted by a staff of experienced 


engineers under the direction of the engineer of 


HOUR 
KIN, 


LOSS 


I 


tests, with the cooperation of the manufacturer’s 


IN HEAT! CONTENT 


representatives. Special care was exercised in prepa- 
rations and arrangements for the evaporative tests 


to render the results accurate and reliable. Means 


WATER 71000 8 


CHANGE IN HEAT CONTENT OF WATER-1000BTU. 


CUMMUL AT 


of measurements of some of the quantities are indi- 
cated by illustrations and diagrams, and reference 
will be made only to some of the more important 


RATE OF 


WEIGHT WATER 
[TAINED IN BOILE 


+ 
WEIGHT OF PRESSURE 


items. 


i 
2 
| DURATION 


CoaL 


The weight of coal was obtained from Richardson 
dump scales, with which each mill is provided. These scales are 
adjusted to deliver 400 lb at each dump, which rendered checking 
very convenient by the use of eight 50-lb test weights. Frequent 
checks were made on the balance of the scale during the test, and 
adjustment for impact was found unnecessary due to the uniform 
texture of the slack coal which was used. At the beginning of a 
run for a chosen rate of evaporation the exact time of a scale 
dump to each mill was noted and the reading of the counter was 
taken by individual observers. Thereafter, the counters were 
read hourly and so continued until the end of the run, when they 
were taken in the same manner as at the beginning. 

The hopper and chute capacity between the scales and mills is 
about 5 tons per mill, or 20 tons per boiler. With the uniform 
grade of fuel used, there was little likelihood of appreciable error 
introduced by this intermediate storage due either to differences 
in composition or density. Variations in moisture and ash were 
small throughout the series of tests. 

Samples of raw coal for moisture and Btu values were taken 
every hour, simultaneously. The moisture sample was collected 
in two 2-qt Mason jars, which were carefully sealed. One jar 
was delivered to the company laboratory and the other to the 
manufacturer. The Btu sample was collected in a large can 
equipped with a cover. At the end of each run the coal from the 
can was quartered, and a sample was taken again in two 2-qt 
Mason jars, one for the company laboratory and the other for the 
manufacturer. A sample of the pulverized coal at each burner 
was taken hourly. A graded traverse of the coal pipe was made 
with a sampling tube through which the coal sample was dis- 
charged into the pail. The tube was connected to the pail with 
a conical sleeve made of 10-oz canton flannel, selected for its 
ability to retain the finest coal. Pains were taken to make this 
apparatus leakproof against coal dust. At the conclusion of a 
run a careful sample was drawn from each of the three pails serv- 
ing a single mill and was collected in two 2-qt Mason jars, sealed 

and labeled, one for the company and the other for the manufac- 
turer. Thus the fineness samples for each run were contained in 
eight Mason jars. 


FEEDWATER 


_ Feedwater was measured by means of venturi tubes and ma- 


- nometers. Two tubes were used—one of 600,000 Ib per hr capac- 
; ‘ity in the east section and the other of 400,000 Ib per hr capacity 


= 


Fie. 15 Raptation Test, Borter 91 


in the west section. In order to maintain steady flow for ac- | 
curate measurement with the venturi meters, boiler 92 was shut | 
down and blanked off, so that the feedwater loop serving this | 
boiler could be utilized in passing the feedwater to the west side — 
section of boiler 91. 

The manner in which the feedwater measurement in each sec- 
tion was taken care of was as follows: A venturi manometer - 
each section was placed at the boiler-drum floor level close to the — 
station of the operator, who, by the manipulation of a chain-oper- © 
ated feed valve, maintained the reading of the manometer con- 
stant as long as the water in the nearby gage glass remained at the | 
allowable level near the center of the gage glass. At the begin- 
ning of each run it was aimed to have the level in the gage glass — 
in the middle, and the exact level was marked so that at the end — 
of the run it could be properly reestablished. Drum pressures at — 
termination of each run were maintained as close as possible to — 
those existing at the start to obviate errors due to changes in © 
heat quantities in the boiler contents. Both venturi tubes had 
been calibrated, together with the manometers, before the test, 
and they were found accurate within one-fourth of 1 per cent. _ 

For readings beyond 800,000 lb per hr, at which the capacity 
of the venturi manometer on the west side was exceeded, a similar | 
manometer was employed to read the differential on the steam 
nozzle serving the west side Bailey steam flowmeter. A similar 
arrangement was also used on the east side, but was supplemented _ 
by reading the regular venturi manometer in the feedwater lines. 
Both steam-flow venturi manometers were calibrated with the 
feedwater venturi meters. Temperature of the feedwater at 
entrance and exit of both heater and economizer were read with . 


accurate chemical thermometers. 


In the measurement of fly ash, efforts were made to obtain — 
accurate measurement of losses without necessitating an elabo- 
rate arrangement. At the boiler outlet of each section a suitable 
horizontal lane for sampling fly ash was chosen, as shown in 
Fig. 16. This lane contained equidistant holes, through each 
of which normally was inserted a movable tube drawing a sample 
of cinder-laden gas in three different positions, as illustrated in — 
Fig. 17. Care was exercised in drawing this sample at the same — 
velocity as that of the gas at the point of sampling. This ve-— 
locity was determined at the beginning of the run witha pitot-tube 
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traverse and was checked occasionally during and 

: Z ; at the end of the run. Temperatures of the gas 
: at the points of sampling were measured with a 
— at the same time the pitot-tube 

: traverse was made. For the values of velocity and 
7 : temperature thus obtained a rate of gas sampling 
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was read from a calibration curve for the indi- 
vidual orifices serving each sampling tube. This 
rate was determined by the pressure differential 
‘ across the orifice and was maintained constant. 
_— throughout the run as long as the gas velocity, tem- 
_ perature, and suction remained unchanged. Ori- 
» fices were calibrated with commercial gas meters, 
which in turn were standardized with a standard 
gas meter provided by the gas company. In this 
calibration actual flue gas was employed. The 
gas sample was drawn by means of an air-actuated 
aspirator, as shown in Fig. 17. 
This gas, on leaving the sampling tube, was 
filtered through a bag, contained in a carefully 
sealed Mason jar. The material of the bag was 
10-oz canton flannel chosen from a selection of 
other weights as the most suitable for its ability to 
retain finest cinders without offering undue resis- 
tance to the gas flow. The bags were weighed be- 
fore each run, the tare weight being subtracted 
from the gross weight of bags containing cinders 
at the end of the run, after a preliminary drying. 
The resulting net weight of cinders divided by the 
measured quantity of gas, corrected to standard 


Operating Connections: 


Pressure (Air): 
10 Air-heater inlet, 1 point 
20 Air-heater outlet, 1 point 
ae weer 30 Secondary-air duct, 1 point 
(FEED WATER) (Note: The regular operating connections were used in 
| obtaining test results.) 


36 
6 _FLOOR Test Connections: 


— MANOMETER Thermocouple: 
= : : ( BAILEY STEAM) 1T Boiler outlet, 8 points 
=A => = 2T Economizer inlet, 3 points 
t= 3T Air-heater inlet, 3 points 
| 1 4T Air-heater outlet, 3 points 
H : 20 5T After induced-draft fan, 3 points 
r : 6T Secondary-air duct, 2 points 


Gas Sampling: 

1G Top of first pass, 3 points 

2G Bottom of second pass, 3 points 
3G Top of last pass, 6 points 

4G Boiler outlet, 6 points 

5G Economizer inlet, 3 points 

6G Economizer outlet, 3 points 

7G Air-heater outlet, 3 points 

8G After induced-draft fan, 3 points 


Draft (Gas): 
1D Furnace, 1 point 


2D Economizer inlet, 1 point 

3D Economizer outlet, 1 point | 
4D Induced-draft-fan inlet, 2 points 
5D Induced-draft-fan outlet, 2 points 
Pressure (Air): 


1A Forced-Draft-fan outlet, 1 point ; 
2A Secondary air at burner chamber, 3 points 


3 FLOOR 
- BURNERS 


| 3A Primary air and coal mixture at burners, 6 points 
| Temperature: 
1S Calorimeter, 4 points 
2S Superheater outlet, 2 points 
ORI ressure (Steam): 
1P Drum, 1 point aut 
2P Superheater inlet, 1 point ad, fds 
BOILER ROOM fa 3P Super.eater outlet, 2 points 


ME Fly Ash: 


IF Boiler outlét, 8 points 
Fig. 16 Section Turovex Borter 91, Looxine (Note: Dampers were open during tests, although shown 


closed in the drawing. Test connections are symmetrical 
(For key to Fig. 16, see bottom of next 


about the center line of the boiler, except for 5T and 8G. 
ra ee a The number of points refers to one side of the boiler 
1 


only.) 


| 

= 
at 

~ 

ore 
‘ 


FUELS AND STEAM POWER pgp.56-2 


conditions, gave the density of cinders in the flue gas. Fineness 
tests and combustible determinations were made on the cinder 
samples that were obtained. 


Five Gas 


Owing to the great width of the boiler-outlet connections, six 
gas-sampling tubes were employed. To simplify the problem 
of gas analysis, an average sample was drawn from every three 
sampling positions of a given region and passed through a common 
bubbling bottle to an Orsat apparatus. Gas temperatures were 
measured chiefly with calibrated thermocouples. Gas tempera- 
tures in the furnace were obtained by the manufacturer’s repre- 
sentative with an optical pyrometer. 


ENT COMBUSTIBLE IN FLY ASH 


8 


\% COMBUSTIBLE IN FLY ASH 


STEAM 


The quality of steam entering the superheater at each section 
was determined with four steam-jacketed calorimeters about 
equally spaced. The normal correction for this type of calorime- 
ter is very small, and since tests indicated a blank correction 
of less than one-tenth of 1 per cent, no correction was applied to 
the observations. Temperatures of the superheated steam were 
read with accurate chemical thermometers. Steam pressures 
at the drum outlet and the superheater inlet and outlet in each 
section were read with the same calibrated gages connected to a 
common manifold which served all the pressure points. 
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Juri servations were made coveri | 60 
During the tests observations were made covering the perform HEAT ABS. BY BOILER, SUPHR.ECON.A AIR HEATER- 1000K BTU/HR 


ance of all major auxiliaries as well as the feedwater heater. So TT 
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— TOTAL SCF PER MIN. 


7 TO ASPIRATOR 


Fie. 17 Fuy-Asn Test Layout 

All gages were calibrated before and after the test, while the 
potentiometer used with the thermocouples was calibrated be- 
fore the test. The tests here reported consisted of six runs, con- 
ducted in the following order: 


LED GAS 


CINDERS COL 


= Rating, Duration, Number 
iv Run No, lb per hr br of mills 


' 
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2 


Fia.19 Fry Asn, Bortzr 91 
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VARIATION IN FLY ASH |DENSITY TNO COMPUTATIONS 

| Results of the tests were 
calculated in accordance with 
the latest issue (January, 1930) 
of the Test Code for stationary 
steam-generating units, use 
being made of Table S-4-b for 
heat baiance. To render the 
heating value of the coal more 
truly representative in the com- 
putations of the heat balance 
foreach run and by agreement 
with the manufacturer’s repre- 
sentatives, an average of the 
following three values was 
used: 


That determined by the 
manufacturer for his sam- 
ple 

That determined by the 
ad United company for its 
sample 

/ That from the analysis by 

[PLING pdsiri 1S | SAMPLING POSITIONS manufacturer’s sample. 


Fig. 20 VartaTIon IN Fiy-AsH Density, 91 This method of averaging 
t was applied to the complete 
Prior to each test run the tubes of the boiler, economizer, and _coal analysis, both for the proximate and the ultimate. 
air heater were blown by means of soot blowers. Before starting Curves shown in Fig. 18 give, in a graphic form, the approxi- 
any test, the boiler was operated at the chosen rating forseveral mate relationship between the three components of the total ash 
hours, and secondary air was adjusted to give ap-  —t”™ 
proximately 15 per cent CO, about '/2 hr before ac- 
tual testing commenced. 
In the case of run No. 3, which was scheduled for 
8 hr duration, it was observed that during the first 
two hours, evaporation was improving steadily. 
This observation led to the belief that for this 
higher rating than the previous ones the boiler 
needed longer time to reach stable conditions. Asa 
result the original run was prolonged by two hours, 
and test No. 3a is therefore the official run. 
Puiverizing characteristics and mill limitations 
at the time of the test made it necessary to employ 
only three mills during run No. 1. It was also 
these limitations that made operation at substan- 
_ tially lower rating somewhat uncertain. The _— 
maximum rating test was run in the evening, and waTeRwar 
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CU IFT 


STD) CU 


Y-GRAINB PEA 


T 
IO 


DENITY-|GRAINS PER STO 


DENSI 


RisER TUBES 


ER 
to avoid an unnecessary hazard the manual control ~ 


of the feedwater was dispensed with, recourse 
being made to the standard automatic water regu- 
lation. 
The venturi manometers were read every 2 min. 
__ Excess air was reduced to maintain about 17 per 
cent CO; for the purpose of reducing the duty on the 
induced-draft fans. Smoke at the stack for this 
_ rating did not appear to be of a prohibitive density | 
and differed very little from that observed during 
the preceding run. 

The entire series of tests were conducted in close 
cooperation with representatives of the manufac- 
turer. Aided by their assistants, they made sup- 
plementary observations on the primary-air supply 
to the mills, on the temperatures of the Bailey 
blocks on the furnace walls, and on the tempera- 
ture of the furnace. Fig. 21 Recrrcutation D1acram, Borer 91 
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at various ratings. The “fly ash to uptake’? component was 
determined at all ratings by measurements. The other two com- bh CFFICIENGY 
ponents were determined on the following basis: For the low UMPTION a 
rating, the ‘ash slagged in furnace’? component was estimated 

45 per cent, this figure being substantiated by the experience 
of the manufacturer, and the “ash shelved” component was 
determined by the difference; for the high rating, it was observed 


that the “ash shelved”? component was zero, due to high gas 
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Fie. 24 Overau Erricrency, HEAT CONSUMPTION OF AUXILIARIES 
Borer 91 
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Fig. 22 Cross-Section or Drum SHOWING SysTeEM OF BAFFLING 
(Diameter of drum, 72 in.; thickness of wall, 17/s in.) 
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Fie. 26 Drart Losszs, Borer 91 
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velocity, and the “‘ash slagged in furnace” component was deter- 
mined by the difference. Although the ‘‘ash shelved’ component 
could not be accurately measured, its content of combustible 
was determined from the samples taken from various baffles. 
The content of combustible in the fly ash to uptake was deter- 
mined by measurements, and the ash slagged in the furnace was 
assumed to contain practically no combustible. 

Figs. 21 and 22 illustrate various features of this installation. 
The results of the test are given in a graphic form in a series of 
curves and also in Table 3. 

The general data on the major boiler equipment are included 
in the Appendix. 

The author gratefully acknowledges the assistance rendered 
by his associates and the manufacturer’s representatives in the 
preparation of this paper. 


TABLE 3 


Date of test, 1931 

Duration of test, hr 

Fuel, Proximate Analysis (Dry): 
Volatile matter, per cent 

Fixed carbon, per cent 

Ash, per cent 

Moisture (as fired), per cent 
Heating value per lb (as fired), Btu 
Heating value per lb (dry), Btu 
Fusion temperature of ash, F 


Fuel, Ultimate Analysis (dry): 


Carbon, per cent 
Hydrogen, per cent 
Oxygen, per cent 
Nitrogen, per cent 
Sulphur, per cent 
Ash, per cent 


Pulverized-Fuel, Proximate Analysis (Dry): 


Volatile matter, per cent 
Fixed carbon, per cent 
Ash, per cent 

ulphur, per cent 
Heating value per lb, Btu 


Fineness of Pulverized Fuel (as Fired): 


Mill No. 1: 
Through 48 mesh, per cent 
Through 60 mesh, per cent 
Through 100 mesh, per cent 
Through 200 mesh, per cent 
Mill No. 2: 
Through 48 mesh, per cent 
Through 60 mesh, per cent 
Through 100 mesh, per cent 
Through 200 mesh, per cent 
Mill No. 3: 
Through 48 mesh, per cent 
Through 60 mesh, per cent 
Through 100 mesh, per cent 
Through 200 mesh, per cent 
Mill No. 4: 
Through 48 mesh, per cent 
Through 60 mesh, per cent 
Through 100 mesh, per cent 
Through 200 mesh, per cent 


Gas Analysis, Furnace: 
per cent 


Oz 

co, per cent 

Ne, per cent 

Gas Analysis, Boiler Outlet: 

No, per cent 

Gas Analysis, Economizer Outlet: 

per cent... 

Os, per cent.. 

CO, per cent 

Ne, per cent 

Gas Analysis, Air-Heater Outlet: 

CO:, per cent 

per cent 

co, per cent 

N2, per cent 


Gas Analysis, Induced-Draft-Fan Outlet: 


whom 


w 


Appendix 


DATA ON THE MAJOR EQUIPMENT OF THE 90-ROW BOIL- 
ERS, HELL GATE STATION 


Number of boilers, two 
Year of installation, 1930 
Boiler: 
type 
Drums: Two drums (one for each half) 
thick, 40 ft 9 in. long 
Tubes: 58 sections of 18 tubes 4 in. o0.d. No. 6 Bweg, 20 ft long in 
each half of the boiler 
Heating surface: 53,926 sq ft 
Water walls: Bailey blocks mounted on 4-in. o.d. No. 6 Bwg 
tubes, spaced on 6 in. centers; manufactured by Fuller Lehigh 
Company. (The Bailey blocks are of three types, the refrac- 


Babcock & Wilcox sectional, twin, cross-drum, water-tube 


72 in. diam, 17/s in. 


TEST OF BOILER NO. 91, HELL GATE STATION, THEJUNITED ELECTRIC LIGHT AND POWER COMPANY 
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phe 

s 

iim 
6 
10 8 8 6 2 

7.36 6.15 5.26 6.44 5.43 5.65 
3.90 4.15 4.15 4.55 4.20 £90 
14,814 14,967 14,734 14,899 14,855 
1 2/405 2,425 2,435 2,428 2,448 2,445 
4 
15 0.70 0.55 0.54 057 0.59 0.53. 
16 7.36 6.15 5.26 #644 5.43 
17 22.30 22.00 23.00 22.40 22.60 22.50 
20 0.58 0.60 0.55 0.56 0.60 
21 14,767 14,842 14.808 889 14 808 
23 

24 

25 

27 
28 
; 
31 4, 
32 0. 

a 34 14 

F 35 4 
36 0 

43 Oz, per cent.... se 5.3 5.3 
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TABLE 3 TEST OF BOILER NO. 91, HELL GATE STATION, THE UNITED ELECTRIC LIGHT AND POW E ER COMPANY—Continued 
Test No..... y 4 


Dry Gas per Pound of Fuel (Dry): 
Furnace, lb 

Boiler outlet, lb 

Economizer outlet, Ib 

Air-heater outlet, ib 

Theoretical, lb 


Air Supplied per Pound of Fuel (Dry): 
Furnace, lb 

Boiler outlet, lb 

Economizer outlet, lb 

Air-heater outlet, lb 

Air supplied by cooling blower, lb.. 
Moisture in air, lb per lb air 


Pressures and Drafts: 


Water pressure economizer inlet, lb per sq in. gage> 
Water pressure economizer outlet, lb per sq in. gage?.... 
Steam pressure boiler, lb per sq in. gage® 

Steam pressure superheater inlet, lb per sq in. gage 
Steam pressure superheater outlet, Ib per sq in. gage>.. 
Pressure loss in economizer, lb per sq in.b............-- 
Pressure loss in superheater, 
my loss between drum and superheater outlet, lb per 


I-18 
NON 


Draft at economizer outlet, in water... 

Draft at induced-draft-fan ‘inlet, in water 

Draft at induced-draft-fan outlet, in water 

Draft loss, furnace to economizer inlet, in water 

Draft loss, economizer inlet to economizer outlet, in water. 

Draft loss, economizer outlet to induced-draft-fan inlet, in 
water 

Draft loss, furnace to induced-draft-fan inlet, in water. 

Draft loss, induced-draft-fan inlet to induc ed-draft- fan ; 
outlet, in water.. 


— 


a 


ro @ 


NK 
a 


wr 


ome 


Pressure at air-heater outlet, in water... 
Pressure loss in air heater, in water 
Pressure at i ir), i 
mill): 

Mill No. 

Mill No. 

Mill No. 1, 

Mill No. 

Mill No. 2, ¢ 

Mill No. : 

Mill No. 

Mill No. ¢ 

Mill No. 

Mill No. 

Mill No. 
Secondary air pressure at burner, in water: 

East duct 

West duct 


One 
oun 
Onn 


Temperatures: 


Steam temperature at superheater outlet, F> 
Moisture in steam, per cent 
Superheat, Fo 
Temperature of coal-and-air mixture at burners, F> 
Temperature of air entering air heater, wet, F> 
Temperature of air entering air heater, dry, Fb 
Temperature of air leaving air heater, Fb 
Temperature of furnace (optical pyrometer), F: 
Furnace temperature, floor 
Furnace temperature, flame 
Furnace temperature under first row of tubes? 
Temperature of gases leaving boiler, FO 
Temperature of gases leaving economizer, Fo 
Temperature of gases leaving air heater, F> 
Temperature of feedwater entering boiler, Fb 
Temperature of feedwater entering economizer, F> 
Temperature of fuel, F 
Temperature of air surrounding boiler, F 
Temperature of air surrounding economizer, F 
Temperature of air surrounding air heater, F 
—— air temperature at burners, F (three burners per 
mull): 

Mill No. 1, B 

Mill No. 1, C 


Not in operation. 
6 Average reading for east and west boilers. 


Ite 
4e 13.47 13.43 13.34 13.43 10.86 
47 13.74 14.10 13.95 13.86 14.17 11.71 
48 14.10 14.32 14.30 14.29 14.57 12.10 
4¢ 14.46 14.87 14.75 14.77 14.87 12.10 
11.48 11.53 11.69 11.58 11.65 10.70 
51 12.84 12.93 12.83 12.91 10.41 
52 PT 13.57 13.45 13.35 13.65 11.26 
53 13.79 13.80 13.78 14.05 11.65 
54 13.95 14.34 14.25 14.26 14.35 11.65 
5! 0.42 0.29 0.23 0.20 0.18 0.14 eee 
0.0048 0.0063 .0102 073 0104 0.0177 
399.0 
325.7 
61 269. 
6: 28.5 
56.2 
6s 
7¢ 
7 
7 
ers per 
1.30 
7! 1.20 
1.73 
1.65 
8 1.13 
1.78 
s 2.00 0 2.80 2.90 2.79 
8 663.2 718.3 739.1 752.5 761.8 713.0 mer 
8 0.20 0.23 0.27 0.23 0.28 0.47 ee 
8 250.2 303.9 328.0 337.0 348.1 300.6 
8 57 60 75 YS tad 
8 80 78 60 76 
9 29 9 9 9 
9 215 2320 2460 246 258 267 
2470 2408 - 2400 2460 2450 2655 
2600 2741 2793 2580 2773 2873 
2250 2372 2440 2450 2496 2500 
9 554 6 62 66 652 ton 
9 334 366 396 412 436 = 448 ae ee 
9 217 247 269 280 300s 306 
9 262.0 278.0 280.7 292.4 303.7 294.8 
9 212.5 222.8 219.4 229.1 237.5 239.8 
9 60 59 70 60 ye 62 ae 
9 115 115 115 115 15 115 
9 125 125 125 125 12500 125 
10 125 125 125 125 125 | 128 3 
10 125 121 133 118 
126 120 131 118 130 105 
125 121 132 118 M3 106 
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TABLE 3 TEST OF BOILER NO. 91, HELL GATE STATION, THE UNITED ELECTRIC LIGHT AND POWER COMPANY —Continued 


ince 


Mill No. 4, B 
Mill No. 33 130 
Hourly Quantities: 
Duration of test, hr (repetition of item 3) ; 8 x ars 
Fuel per hour (as fired), lb: 
Mill No. 1 : 19,183 2,73: 
i —19,689 2% y 29,400 
18,605 21, 27,105 
< 20,131 23,3 28,161 
Total 2,25: 77,608 113,763 
Fuel per hour (dry), Ib: ; 
Mill No. 1 23 3,28 18,310 
; 18,793 


cy 


rane 


Combustion space per lb coal per hr (dry), cu ft . 123 0.815 
Refuse per hour, lb ‘ 3,656 
Actual water per hour, lb: 

East boiler 


Unit Quantities: 
Heat absorbed by water in economizer, Btu per lb: 
East boiler 


67. 
67. 


Heat absorbed by water and steam in boiler, Btu per lb: 


East boiler 92 


927. 
927.6 


SPS 


Heat absorbed by steam in superheater, Btu per lb: 
East boiler 201. 
199.5 
Rate of heat absorption in economizer, kB per hr 29 43,006 51, 62,457 
Rate of heat absorption in boiler, kB per hr 743,4: 856,406 
Rate of heat absorption in superheater, kB per hr 129,708 185,271 

Total rate of heat absorption by steam generating unit, kB 
470,933 826,995 1,104,134 


Refuse, per cent of fuel (dry), per cent 06 14.53 
Combustible in refuse, per cent 14.0 25. , 24. 61.1 
Carbon burned per lb fuel (dry), lb 0.8185 0.7566 


Evaporation: ‘ 


Rate of heat absorption per lb fuel (as fired), kB........ 12.44 
Rate of heat absorption per lb fuel (dry), kB 12.94 
Rate of heat absorption per sq ft of steam-generating unit 

surface per hr, kB 5.35 


Efficiency: 
Efficiency of steam generating unit, per cent 
Efficiency of boiler and superheater, per cent 


Heat Balance: 


tom 


Heating value of fuel (dry) ov 


cent 
Heat absorbed by water in economizer 


Heat absorbed by steam in superheater 


I 
per cent 
Btu.. 


Heat absorbed by steam-generating unit { 


Heat loss due to combustible in refuse { 
Heat loss due to incomplete combustion of carbon, 


tit 
#25 


per cent 
tu 
Heat loss due to theoretical dry gases { per cent 
Heat loss due to moisture in coal, moisture accompanying 
theoretical air, and water from combustion of hydrogen, 
Btu 


N B 110 
No. 4, A 107 
| 104 
107 
; 109 
110 
112 
113 16,122 17,758 5,777 
114 16,582 19,216 26,782 
115 64,460 74,077 108,189 
(116 0.634 0.550 0.4 0.377 
117 4,565 5,971 6,203 15,713 
118 341,000 400,500 455,200 515,000 
Siac 2a 119 . 200,100 277,200 347,100 390,800 468,000 563,000 
120 . 402,700 542,100 688,100 791,300 923,200 1,078,000 
935.2 
124 936.0 
175.7 
60,265 
1,008,236 
129 189,714 
131 7 
132 
134 12.52 12.50 11.06 
135 12.85 12.83 12.81 11.63 
136 
7.30 9.39 10.75 14.30 
137 88.7 86.7 85.7 86.9 85.4 78.3 
138 85.0 $3.7 $1.2 80.4 74.6 
14,814 14,967 14,899 14,855 
100 100 100 100 100 
140 555 605 667 720 557 
per cent.*..... 3.8 4.1 4.5 4.7 3.7 
10,736 10,326 10,150 10,036 9,319 
per cent.. 73.6 69.6 67.7 68.0 62.8 
st 11.3 13.0 13.6 14.2 11.8 
143 . 12,944 12,850 12,829 12,812 11,630 
“a 86.7 85.7 86.9 85.4 78.30 
144 175 168 266 237 1,296 
0.0 0.0 0.0 0.0 0.0 0.0 
47 
495 515 5388 ‘$37 548 
per 3.4 3.5 3.7 3.7 
: ® Not in opera Avy Ge 


oe TABLE 3 TEST OF BOILER NO. 91, HELL GATE STATION, THE UNITED ELECTRIC LIGHT AND 


Item 


148 


Heat loss due to excess air and accompanying moisture 
entering furnace 

Heat loss due to air and moisture leaking through boiler, 
economizer, and air-heater setting 

Heat loss due to unconsumed hydrogen pq hydrocarbons, 
radiation, and unaccounted for 

Economizer: 


Heat available to economizer, Btu om lb fuel (dry) 
Efficiency of economizer, per cent. 
Coefficient of heat transfer, Btu per 8q ft per deg F per br 


Air Heater: 


Heat available to air heater, Btu per lb fuel (dry) 

Heat absorbed by air heater, Btu per Ib fuel (dry) 
Efficiency of air heater, per cent 

Coefficient of heat transfer, Btu per sq ft per deg F per hr 


Ply-Ash Data: 


Combustible in fly 
Gas per lb coal, | 
volume of gas, cu ft 
s per lb coal, standard cu ft 
Cinders per 1000 standard cu ft of gas, lb 
Cinders per |b coal, lb 
Cinders per |b gas, Ib 
Heat loss due to fly ash, Btu per lb coal 
Fineness of flue dust: 
Through 60 mesh, per cent 
Through 100 mesh, per cent 
Through 200 mesh, per cent 
Through 325 mesh, per cent 


Power Consumed by Pulverizers, Blowers, and Feeders (Elec- 
tric Drive): 
Power consumed by mills: 
Mill No. kw 
Mill No. 
Mill No. 3, aed 
Mill No. 4, kw. 


Power consumed by mill blowers: 
Mill No. 1, kw 
Mill No H kw 
Mill No. 


Total for mill ivaniti, kw... 
Power consumed by motor- -generator ‘set, mill feeder, belt 
conveyer, and bottom cooling blower, kw 
Total power consumed by electrically driven auxiliaries, kw 
Power consumed by electrically driven auxiliaries in terms 


of heat per Ib of coal { Btu 


Notge: ‘Typical water analysis: 


NaCl, 412 ppm. 


Furnace: 


Superheater: 


Economizer: 


Air heater: 


Burners: 


Mills: Fuller Lehigh type-B pressure-type mills; 


tory-faced blocks, the rough bare-metal blocks, and the smooth 
bare-metal blocks. The refractory-faced blocks are used in the 
lower section of the furnace about 12 ft high, followed up first by 
rough bare-metal blocks for the height of 3 ft, and then by the 
smooth bare-metal blocks extending 15.5 ft to a point within 
2 ft of the top. The top section of the Bailey blocks is 2 ft 
wide and is made of refractory-faced blocks. Smooth bare-metal 
blocks are used in the vicinity of burners.) 

Heating surfaces: ‘wo downtake walls, 1880 sq ft; 
walls, 2380 sq ft; total for water walls, 4260 sq ft 
Total heating surface for the boiler and water walls, 58,186 sq ft 
Width, 34 ft; depth (between burner sides), 41 ft; height, 

30 ft; furnace volume, 40,770 cu ft 

Babcock & Wilcox return-bend type; two super- 
heaters per twin boiler unit. (Each superheater consists of five 
loops of 2-in. o.d. No. 9 Bwg tubes, 107 elements.) 

Heating surface: 5800 sq ft each superheater; total, 11,600 sq ft 

Babcock & Wilcox return-bend type; two economizers 
per twin boiler unit (one for each half). (Each economizer 
consists of 2-in. o.d. No. 6 Bwg tubes, 24 tubes high, 24 tubes 
wide, 30 ft long.) 

Heating surface: 9200 sq ft each economizer; total, 18,400 sq ft 

Babcock & Wilcox straight tubular type; two air heat- 
ers per twin boiler unit (one for each half). (Each air heater 
consists of 28 staggered rows of vertical tubes, 2!/2 in. o.d. No. 
11 Bweg, 22 ft long, 75 tubes in each row.) 

Heating surface: On air side, 30,238 sq ft each air heater; 
60,476 sq ft. On gas side, 27,350 sq ft each air heater; 
54,700 sq ft 

Fuller Lehigh, cross-tube type; 12 burners per twin 

boiler, six in each downtake wall, three burners per mill; 12 

Babcock & Wilcox mechanical oil burners for lighting torches 

four mills per 


two side- 


total, 
total, 


twin boiler; capacity of each mill, 10 short tons 


Suspended solids, 1000 ppm; dissolved 1 solids, 1030 ppm; 
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total solids, 2030 ppm; NaOH, 44 ppm; Na:COs, 106 ppm; 


Mill blowers: B. F. Sturtevant single-inlet, paddle-wheel type, 18 
in. static pressure; one blower per mill 

Fans: Forced-draft fans, two fans per twin boiler; each fan 150,000 
efm capacity at 11.5 in. static pressure. Induced-draft fans, 
four fans per twin boiler; each fan 125,000 cfm capacity at 17 
in. static pressure. (Forced- and induced-draft fans for each 
boiler unit are driven by two cross-compound steam turbines. 
Each high-pressure element drives two induced-draft fans 
through a reduction gear and is rated 974 hp at 7500 rpm. 
Each low-pressure element drives one forced-draft fan through 
a reduction gear and is rated 393 hp at 6000 rpm.) 

Water-storage capacity: Volumetric contents of the boiler: Two 
drums (up to the normal water level), 1039 cu ft; boiler tubes, 
headers and nipples, 3756 cu ft; water walls (including downtake 
and uptake headers and recirculating tubes), 1713 cu ft; total 
6508 cu ft 

Weight of water and pressure parts: Weight of water contained in 
the boiler, water walls, and drums up to the normal water level 
at 421.7 F (300 lb per sq in. gage), 343,000 lb. Weight of water 
contained in the drums at 421.7 F within the water column 
connections, 58,000 lb; within the visible range of gage glass, 
45,000 lb. Weight of pressure parts (in contact with water and 
steam), 953,000 lb. Weight of Bailey blocks in the furnace, 
220,000 lb. Weight of pressure parts in terms of the equivalent 
weight of water on the basis of the ratio of the specific heats 
of steel and water, 112,000 lb. (Note: Weights of water and 
pressure parts are approximate.) 

Ratios: Furnace volume per sq ft of water-heating surface, 0.7 
cu ft. Superheater surface per sq ft of water-heating surface, 
0.2 sq ft. Economizer surface per sq ft of water-heating surface, 
0.317 sqft. Total water-heating surface (boiler and water walls) 
per sq ft of boiler-room floor area (for both boilers, including 
aisles), 14.8 sq ft. Building volume per 1000 lb evaporation at 


rug maximum capacity, 636 cu ft. Set 


4 6 
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Discussion 


H. J. Kerr.’ A full discussion of the paper would require more 
space than the paper itself, in which, like the installation de- 
scribed, little space has been wasted and much material to work 
with has been presented in a small volume. Although these 
units are the first twin B. & W. sectional-header boilers installed, 
we have in operation many single boilers of the same size and 
capacity as one of the halves of these twin units. The idea of the 
twin unit was not new, as units similar in principle but using 
Stirling boilers had been installed in several plants. In shape, 
these units are rectangular, with the mills and primary-air fans 
below the furnace and the economizers and air heaters above the 
boiler. They therefore permit maximum utilization of the build- 
ing space. The design of these units is based on conservative 
values for heat release, gas velocities, and steam capacity. 

Only a few of the main features of these units can be mentioned, 
such as the special slag-screen tubes, the large-diameter drums 
with shutter-type baffles, steam circulators, slag-tap furnaces with 
block-covered wall tubes, and pressure-type mills used for direct 
firing. 

The general principle of the boiler slag-screen tubes used with 
these units was developed some years ago and has been used 
extensively since then. In this design of boiler unit they permit 
the placing of two boilers together over a single furnace, with 
an access space between the boilers that is definitely sealed from 
the furnace. At a million pounds of steam per hour, the heat- 
liberation rate per square foot of equivalent cold surface exposed 
to radiation from the furnace is approximately 300,000 Btu. 
With preheated air at approximately 250 F, the temperature of 
gases entering the first pass should be in the neighborhood of 2500 
F, which is checked by the test data. The value of the boiler 
slag-screen tubes as a preventive of slag difficulties is therefore 
obvious, even when burning fuel having as high an ash-fusion 

 jagueaae as that of the coal used at this station, approximately 

_ 2450 F. Without the boiler slag-screen tubes, a certain amount 

= slag trouble would be experienced. In other words, the boiler 
slag-screen permits of the maximum combustion rate in a single- 

_ stage furnace set by the limitation of slag on the boiler tubes. 
For capacities beyond those thus obtainable, it is necessary to use 
the two-stage furnace, with its furnace slag screen, such as those 
that have been installed by the State Line Generating Company 
and those that are now being installed by the Potomac Electric 
Power Company in Washington, D. C. 

The large-diameter drums on this installation are of interest. 
By concentrating on the problem of moisture and carryover it has 

_ been possible to bring these down to such quantities as to be 


_ negligible. With the boilers described, operating at their com- 


paratively low steam pressure, the moisture content is shown to 
be below !/; of 1 per cent at the maximum rating. Further de- 

_ velopments have permitted the reduction of this percentage, in 
later installations, to such a point that we now deal with two or 
three parts per million, and we are pressing the chemist as to his 
accuracy on one part per million. We have succeeded in obtain- 

_ ing steam containing less than 0.1 of 1 per cent of moisture at a 
_ rate of more than 16,000 lb of steam per foot length of 48-in.- 
_ diameter drum. Drum diameter will, in the future, no longer 
@ be set by the amount of moisture in the steam, but rather it will 
_ be decided by the amount of water storage required to handle the 


_ variation in load necessary for any particular installation. This 


requirement is well discussed in the paper, and the value of a 
large-diameter drum from the standpoint of water-level fluctua- 
tion is well covered. In the past there have been certain limita- 
tions in obtaining large-diameter drums. The development of 


2 Chief Engineer, Service Department, Babcock & Wilcox Com- 
pany, New York, N. Y. Mem. A.S.M.E. 


welding processes and of material of higher tensile strength is 
expected to extend this limitation in the future. 

The paper calls attention to the three rows of horizontal circu- 
lating tubes on these boilers. In this connection it might be well 
to point out that the number of circulators depends upon certain 
factors, one of which is the steam pressure. With some other 
designs, it would not be necessary to have this number of circu- 
lators, and, as a matter of fact, boilers are being constructed, of 
higher capacity per section than the units described, that are 
fitted with only one circulator per section. 

The slag-tap furnace and block-covered tubes have been thor- 
oughly discussed. Furnaces of this construction are in successful 
operation in so many plants that little need be said about them. 
Attention, however, is called to the fact that they are in successful 
operation in this plant with coal containing ash of high fusion 
temperature and in boilers that are off the line each night. In 
fact, it might be mentioned in this connection that, as compared 
with normal central stations, the starting up and shutting down 
each day of these large units constitutes very severe service. 
The value of this type of furnace is also to be observed in the ex- 
treme range in capacity, nearly five to one, as mentioned in the 
paper. Its value as it affects the cubical contents of the station 
is of course obvious. 

The direct-firing pulverizers used at this plant are of the pres- 
sure type and were among the first of this type to be installed. 
The pressure type of mill was adopted for this installation to 
simplify various factors, and since then has been generally ac- 
cepted as a standard because of simplification of coal distribution 
and piping, use of fans handling air only, instead of exhausters 
handling abrasive coal dust, reduction in fan power due to higher 
fan efficiency, and ease of control. 

The test data show a high carbon loss with the boiler operating 
at a capacity of 1,078,000 lb of steam per hour. This was due 
to the fact that, at this capacity, the steam unit was operating 
34 per cent above that contemplated in the mill design, with the 
result that the fineness was decreased. Subsequent changes in | 
some of the mills have shown that even this capacity is obtain- 
able, with high fineness from the mills and low carbon loss. 

The ball-bearing principle of pulverizing as used in these mills — 
is ideally suited to the art of pulverizing coal. The correctness — 
of this principle of grinding has been demonstrated in many and | 
varied applications. 

Relative to the variation in superheat temperature from 700 
tc 760 deg, with the rating changed from 500,000 to 1,000,000 
Ib of steam per hour, as shown by Fig. 25, this variation in super- 
heat can be materially reduced by a variation from standard in 
the operation of the burners. This method of taking care of the 
natural drop in superheat that takes place with reduction in 
rating is being used extensively where superheaters are not fitted 
with desuperheaters. The author is requested to cover this point 
in his closure. 

The success of these boiler units in developing their high ca- 
pacity may suggest to some the question, “What is the limit 
in capacity?” Although present practise tends toward the use of 
high steam output per foot width of furnace in single boiler 
units, and we could today furnish a single unit having the same 
capacity as the twin units at Hell Gate, the capacity of single 
units can, presumably, always be doubled, as was done in this 
case. The possibilities in high-capacity boilers are therefore 
considerably in excess of any present or probable future require- 
ments in the use of single boiler units to serve individual turbines. 
The capacity of the boiler units will be limited by the maximum 
burner capacity it is possible to install per foot of furnace width, 
by the volume and capacity of the furnace it is possible to con- 
struct under the boiler, the amount of steam it is possible to raise 
per section, the length, thickness, and diameter of the boiler 
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drum, the length of tubes, available draft, quality of feedwater, 
and solids in steam to the turbine. 


M. K. Drewry.? Never have the design and the performance 
of large boiler units been reported so comprehensively as in this 
paper. It is a valuable contribution and deserves much study. 
Appropriate discussion is difficult because of the magnitude of the 
information afforded. A few of the most interesting points ob- 
tained from it were found as follows: 

1 The 72-in. boiler drums emphasize the desirability of ap- 

_ preciable boiler-water storage. 
2 Steam-turbine drives for fans were chosen for other reasons 
_ than their reliability, for the coal pulverizers are motor driven. 
3 Direct firing does not afford direct response to coal-feed 
demands, for differences in coal storage in the mills cause 2 to 4 
min lag in heat output. 
_ 4 Removing ash in the molten form under all conditions of 
_ plant operation is not readily accomplished. 
- § Unusually low radiation loss of the boiler-unit equivalent to 
only 0.2 per cent of maximum output emphasizes one economy of 
large sizes. 
6 The time of 5'/, hris prudently used to start the units from 
cold and get them to normal rating. Each of the four mills is 
started and stopped 10 times during the starting procedure, and 
— 8000 Ib of oil is used for reliable ignition. 
7 A drop of 100 deg fahr in superheat temperature occurs 
as output lowers from 1100 kB to 400 kB. 
8 The reported boiler-unit efficiencies appear conservatively 
low because of the 3.5 per cent to 4.8 per cent “radiation and un- 
accounted”’ figure. 
The author is thanked for his painstaking and intelligent re- 
porting of a vital subject. 


J.J.Gros.‘ This paper goes farther than the usual report of a 
boiler-performance test. The author gives an exceptionally 
broad and lucid explanation of the many-sided problems facing 
_ the designing engineer responsible for developing a huge block of 
_ steam-generating capacity from a limited available space. The 
various engineering factors discussed so clearly and the mass of 
test data covering the performance of the various elements of the 
_ boiler installation should be of immeasurable value to other engi- 
neers responsible for boiler-station design. A discussion of the 
- various outstanding points of interest in this paper would require 
- considerable space, and therefore it will be confined to a few of 
the many points of interest. 
In the rapid development of higher pressures and capacities in 
_ power stations, a number of problems, heretofore little heard of, 
have been forced upon the operating engineers, and one of the 
_ most persistent of these is “carryover moisture” in the steam. 
Trouble from this carryover moisture manifests itself in a number 
of ways, among them being the plugging up of superheater ele- 
ments with sediment carried over with the moisture and left in 
_ the superheater, fouling up of steam valves with the residue salts 
and phosphates, line gasket leaks, fouling up of turbine spindles 
and casings, and frequently sharp steam-temperature dips and 
moisture slugs passing through the turbines, resulting finally in 
reduced turbine capacities due to fouling, if not in serious blade 
troubles. 


Some phases of this problem are controlled by the installation 
7 of purifiers or baffles in the steam drum, but the author raises an 
important point in his introduction of the factor of boiler-surge 

capacity. 


3 Assistant Chief Engineer, Power Plants, Milwaukee Electric 
_ Railway & Light Co., Milwaukee, Wis. Mem. A.S.M.E. 
4 Engineer of Tests, United Electric Light & Power Co., New York, 
N. Y. Mem. A.S.M.E. 


In the old section of the boiler house at Hell Gate Station, 
nine of the stoker boilers have been revamped to carry a maxi- 
mum rating of 250,000 lb per hr steam apiece. The 54-in. 
drums originally provided were standard practise at the time of 
installation and were not altered when the boilers were revamped. 
Tests to determine the speed of pick-up in these revamped 
boilers have indicated that the rate of pick-up is limited by the 
rapidity of water-level change. In these tests attempts were 
made to assist water-level control by hand control of the feed- 
water cut-off valves and with automatic regulators in opera- 
tion. On boiler 62 a drop of rating from 230,000 lb per hr to 
120,000 Ib per hr rating was accomplished in 7 min. The gear- 
controlled feed valve was restricted at the start to three turns 
open. 

In the first 4 min the water level dropped from the 5-in. level 
to the 1-in. level, and then rose rapidly, until at the end of 7 min 
it had risen to the 14-in. level, at which time the gear valve was 
further restricted. After stabilization of rating at 80,000 lb per 
hr, the water level was established at the 3-in. level and the gear 
valve was kept restricted to one turn open. The rating was then 
raised from 80,000 Ib per hr to 153,000 Ib per hr in a space of 7!/. 
min. In the first 4 min the rating rose to 115,000 lb per hr and 
the water level rose to 15 in., a gain of 12 in. The level then 
dropped off, until at the end of the 7!/.-min period it had reached 
the 7-in. level. 

In another such test on boiler No. 33, when the start was made 
without restriction of the gear-controlled feed valve, a reduction 
of rating from 254,000 lb per hr to 83,000 Ib per hr was accom- 
plished in a space of 7 min. In the first 4'/, min the water level 
dropped from the 5-in. level to the 2-in. level. It then rose to the 
10-in. level on the rebound while the boiler was banked. Starting 
with a banked rating of 54,000 lb per hr and the gear-controlled 
feed valve one turn open, the rating was raised, as shown in the 
curves of Figs. 34 and 35, to 250,000 lb per hr. In the first 
1'/, min the rating had reached the 94,000 lb per hr rate and the 
feed valve was closed tight. It was then opened slightly and 
closed at intervals during the rise in rating, until full capacity 
had been reached. The water-level surges, although dampened 
by this control, show a swing from the 7'/,-in. level up to the 13- 
in., and then down to the 6'/,-in., finally settling near the 6-in. 
level. 

A study of these curves and log entries will yield interesting 
information and makes clear the reason for the prevailing water- 
level problems in many plants. 

Many other such tests on the stoker boilers indicate that while 
the speed of pick-up can be increased sharply by overtraveling 
on air pressure, the violence of water-level change requires man- 
ual control of the feedwater to avoid troublesome carryover. 

Carrying the thought a step farther, perhaps it should be asked 
whether limited drum capacities and rapid rating response are 
worth the price of carryover-moisture troubles. It is clear that 
the surge characteristics and limitations of a specific boiler design 
should be determined to assist in the control of “moisture carry- 
over.” 

In this connection and because of the growing importance of 
water-carryover problems, further comments are desired as to 
whether future design trends should take into account this 
troublesome factor. This apparently was done in the case of 
the million-pound-capacity boiler under discussion by allowing 
ample surge capacity of the boiler drums. 

The completeness of the performance data helps to visualize 
the growing importance of heat-balance checks at intervals. 
With complete heat-balance information showing changes in 
boiler losses, it should be possible to correct pulverization and 
combustion impairment, and thus realize the maximum perform- 
ance possibilities of the equipment. _ 
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Fig. 34. Speciau Test oF 33, Heit Gate STATION 


(Log on boiler rating, boiler 33, tested Jan. 14, 1932: 11:54 a.m., start 

to drop; 11:57, no visible change in rating, boiler banked; 11:59'!/2, reached 

90,000 lb per hr; 12:50 p.m., one turn on gear valve; 12:51!/2, 54,000 lb 

per hr, ed pe f banked period; 11:53, closed gear valve; 11:531/2, opened gear 

valve to one turn; 11:56, closed gear valve; 11:56!/2, opened gear valve 
to one turn; 1:00 p.m., gear valve opened to 10 turns.) 


Grorce D. Herrricx.’ While the paper characterizes the 
two-unit boiler, fired with a common furnace and the single-unit 
capacity of 1,000,000 Ib per hr, as the outstanding feature of the 
Hell Gate installation, it would seem that the engineering feat of 
producing 2,000,000 lb of steam per hour within a ground area 
of approximately 8400 sq ft, with a net ratio of building volume to 
boiler capacity of 636 cu ft per 1000 lb per hr capacity, is the out- 
standing accomplishment, when it is considered that with designs 
prevailing only three or four years ago this same capacity would 
occupy about 40,000 sq ft and require a building volume ratio of 
over 1700 cu ft. In the campaign for lower first costs, at least 
in the matter of space requirements, the Hell Gate installation is 
an excellent example of what can be accomplished. 

An interesting feature is that these large boilers are shut down 
daily during night periods, demonstrating the operating flexibility 
of the units. 

With two separate boilers served with one furnace, it would 
seem that difficulty would be encountered in maintaining a uni- 
form temperature throughout the furnace and that physical condi- 
tions would tend toward a difference in superheat, feedwater, 
and air temperatures between the two units. The data presented 
make no reference to these conditions, so that it may be assumed 
that no appreciable difference in the performance of the dual in- 
stallation is noticeable. However, with remote control it would 
be of interest to know how the action of each of the 12 burners is 
observed and adjusted to maintain uniform conditions. If one 
of the burners is not receiving its proper quota of fuel—a condi- 
tion which occurs at times—how is the control operator notified of 
this condition? 

_ It is not quite clear why relatively large drum capacity should 
4 § General Superintendent, Montaup Electric Company, Somerset, 
Mem. A. S. M. 


in any way permit less vigilance on the part of the operators in 
the matter of attention to feedwater control. Certainly with a 
large drum, water-level fluctuation would be less noticeable, but 
the work to be done by the feed regulator is in no way lightened 
and water level is dependent on regulator performance. 

Providing three circulator tubes per section is certainly a de- 
sirable arrangement, and should, as claimed, lessen the likelihood 
of stagnant circulation—a condition which has occurred in some 
high-pressure installations. 

The information presented in the radiation test, Fig. 15, indi- 
cates the great value of the modern insulated furnace which makes 7 
possible quick starting of boilers after many hours of shutdown. 
The fact that these large boilers are in steaming service 30 min | 
after lighting burners each morning after having been shut down — 
during the night is a highly interesting operating condition, espe- 7 
cially when we consider that the furnaces are of the slag-tap type. 
The slag probably remains in a molten state during the shut- | 
down period and serves as a heat reservoir, which results in a— 
much faster steaming schedule than would be the case with a > 
water-cooling installation equipped with dry-ash hopper. It is of — 
importance to observe that it takes less than five hours to put 
these boilers on the line from a cold condition. 4 

The chilling of slag by air drawn through the slag-tap openings > 
is information of value to the design engineer. The fact that it 
was necessary to install induced-draft equipment to reverse “a 
air currents in the furnace adds not only to first cost but to 
operating costs also. This somewhat objectionable feature is of 
small consequence compared to the advantages of the slag-tap 
furnace, which include avoidance of slagging of ash on tubes, re- 
duction to a large extent of the discharge of ash and dust from the » 
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Fig. 35 Specia, Test or Boiter 62, Gate Sration 


(Log on boiler rating, boiler 62, tested Jan. 15, 1932: 11:30 a.m., rating 
at 225,000 lb per hr, east and west check valve open, three turns on gear 
valve, 31/2 in. H2O on forced-draft duct, induced-draft-fan vane opening 98 
per cent, induced-draft fan me overfire draft —0.1; 11:551/2, start 
to bring rating down; 12:03 ., gear vaive closed to one turn open, fire © 
in banked condition; 12:48, c pace gear valve; 12:571/2, opened gear valve 
to one turn open; 1:15, o ened gear valve to three turns; 1:17, rating at 
168,000 lb per hr, Rati op Fe oe ee 4 fan put in high speed; 1:21 p.m., Smoot 
_forced- ‘draft damper stuck and then opened.) 
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furnace, and an increase in furnace volume on property of limited 
area, 


H. M. Cusuina.® In connection with the load pick-up tests 
shown in Figs. 12, 13, and 14, data on a pick-up test in Buffalo 
might be of interest. As is normal during light-load periods, two 
boilers rated at 560,000 Ib per hr were feeding 65,000 lb per hr, each 
to an 80,000-kw turbine carrying a 10-megawatt load. The boiler 
operator was notified that a pick-up would be made, but the time 
was not given. The electrical operator, when ready to increase, 
set the bulletin boards to 60 mw, and proceeded to build up the 
load at a uniform rate to that point in 2 min, and held at that 
point. The boiler pressure dropped from 460 lb to 390 lb at the 
4-min mark, and then came back to normal. A 12-in. rise in 
boiler-drum level resulted from this pick-up. 

Babcock & Wilcox cross-drum boilers, 60 sections wide, 22.tubes 
high, 24-ft tubes, with a 60-in. drum, were used. 


A. G. Curistiz.’. The paper is of timely interest, not only on 
account of the fact that the tests were made upon one of the 
largest-capacity boilers in the world, but particularly by reason 
of the great mass of valuable performance data contained in the 
tests. The twin setting of B. & W. boilers represents a new 
practise. Similar twin settings for 30,600 sq ft Stirling boilers 
were designed by McClellan and Junkersfeld, with whom the 
writer was then associated, for the Lake Shore Station of the 
Cleveland Electric Illuminating Company, and tests of these 
boilers were reported by John Wolff in a paper entitled, ‘Tests of 
Pulverized-Fuel-Fired Boilers at the Lake Shore Station, Cleve- 
land.” (A.S.M.E. Trans., Vol. 47, p. 1255, 1925.) The ex- 
cellent performance of these boilers led to the use of similar 
twin boilers and furnaces at Avon Beach and Ashtabula Stations. 
Mr. Caldwell’s boiler operates at a higher capacity than any of 
these Stirling boilers and appears to have a larger furnace. 

The use of smaller boiler drums was advocated a few years ago, 
but experiences with the water-cooled furnaces at the Gould 
Street Station indicated the desirability of large water capacity 
in the boiler drums. When the India Basin Station at San 
Francisco was designed, the largest drums available (72 in. in 
diameter) were purchased. The use of this size of drum has 
since extended, and this size is employed in the Hell Gate boilers. 

As Mr. Caldwell points out, these drums simplify control prob- 
lems and decrease fluctuations of water level. He also refers to 
its accumulator effect, which may be of considerable value under 
certain conditions. 

Many recent plants employing slag-bottom furnaces have pro- 
vided water cooling for these bottoms. Mr. Caldwell uses air 
cooling, undoubtedly on account of the high fusing temperature 
of the ash, which, as shown in the data, exceeds 2400 F. This 
high fusing temperature undoubtedly adds to the difficulties 
experienced in tapping slag. Mr. Caldwell states that fluxes were 
tried to increase the fluidity of the slag. It would be interesting 
if he could add some further information on the chemical nature 
of the ash and the character of the fiuxes that were tried. Many 
suggestions have been made regarding the use of fluxes, but 
specific data on the action of these are few. 

Steam-turbine drives for both forced- and induced-draft fans 
represent a departure from the current practise of all-electric 
drive. Have the performances of small turbines been improved 
and first costs lowered to the point that these again are serious 
competitors of motors to drive power-plant auxiliaries? 

The data upon the response of the boiler to increase in coal feed 


6 Chief Engineer, Buffalo General Electric Company, Buffalo, 
N. Y. Mem. A.S.M.E. 

7 Professor of Mechanical Engineering, Johns Hopkins University, 
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indicate a rather slow action. This was undoubtedly measured 
with constant pressure at the superheater outlet throughout the _ 
test. One would at first infer that this boiler would not respond _ 
quickly to large fluctuations in load on the given turbine. If, — 
however, the steam pressure is allowed to drop when the sudden © 
increase in load occurs, the accumulator effect of the large _ 
drum will come into play, and this will permit a sudden increase in _ 
the flow of steam to carry the increased load. The contrary effect — 
occurs if pressure is allowed to rise on sudden decrease of load. 
One can therefore expect such large boilers to meet load swings © 
satisfactorily in actual service. 

The test results are unusually complete. One is impressed by © 
the large pressure drop through the superheater at high capacities, _ 
and also with the sizeable draft required of the induced-draft _ 
fans. However, an overall efficiency of 85 per cent and above _ 
was maintained for outputs up to over 900,000 Ib per hour, which 
in itself is a remarkable performance. Fig. 24 indicates that 
the total equivalent heat required by the boiler auxiliaries re- — 
mains substantially constant at all loads. The total power con- © 
sumed by the powdered-coal equipment shows much lower figures | 
than indicated by earlier tests. 

The experience gained on these large boilers and their auxiliary 
equipment must have led to certain ideas on the part of the author 
in regard to future installations. In the light of this perform- 
ance, what modifications would Mr. Caldwell recommend in a | 
new plant to meet similar load conditions? 


AvuTHOR’s CLOSURE 
In regard to the variation in superheat referred to by Mr. Kerr, | 
it should be noted that the tests were conducted with approxi- _ 
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Mr. Drewry calls attention to some of the characteristics of 
the installation, and among other things mentions the lag in heat 
output associated with direct firing. Direct firing undoubtedly 
contributes somewhat to the time lag, but there are other factors 
which also have an influence. As an indication of the heat inertia 
of the installation, Fig. 36 is introduced from observations taken 
during a normal shutdown. 

¥t may be observed that there is considerable lag in reduction 
of steam output even after the fuel supply to the furnace is inter- 
rupted. This indicates the extent of the lag which is independent 
of the combustion system. Where rapid response to changes in 
rating is desirable, the design should provide for less water- 
storage capacity and less heat-storage capacity in the furnace 
and boiler. On the other hand, a large water-storage capacity 
and large heat-storage capacity in many instances is a desirable 
characteristic, since the accumulator effect imparts a certain 
degree of stability to the steam pressure and steam flow with 
fluctuating loads. Opinion is divided on the degree of responsive- 
ness which should be designed into steam-generating equipment, 
and as this consideration is dependent upon the nature of the 
system load and operating practise, there are many conditions 
where extremely rapid response is not so important. 

Concerning Mr. Hettrick’s reference to the distribution of work 
between the two boilers in the twin setting, it has been found that 
there is no noticeable difference in output with equalizing dampers 
wide open. In regard to the distribution of coal to the burners, 
this is controlled by a dividing arrangement for each mill which 
supplies its three burners. The coal from each mill divides 
fairly uniformly, and compensating adjustments are made at the 
secondary air dampers, based on observation of furnace condi- 
tions through openings provided for this purpose. 

Regarding the question of large drum capacity, water-level 
fluctuations are less violent with fluctuating loads and afford the 
attendant more time to attend to his duties than would otherwise 
be the case. 

Replying to Professor Christie’s inquiry concerning the slag, 
the analysis herewith is typical of two of the coals which are 
used. 

The fluxes used were fluorspar and soda ash, the latter appear- 
ing to be somewhat more effective. The choice of steam-driven 
fans was due largely to local conditions and space limitations 
which somewhat favored the use of steam turbines. Under 
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ordinary conditions motor drives would be expected to show a 
substantial advantage, unless handicapped by a high-capacity 
demand charge. 

Professor Christie’s last question is rather broad, and the 
author will only attempt to generalize on the subject. In the 
absence of space or height limitations, it would seem that the 
heating surface should be somewhat more efficiently utilized than 
in the conventional type of boiler described in the paper; that is, 
the unit should be more nearly countercurrent than customary. 
Where conditions permit the use of a steaming economizer, this 
may be accomplished with much less boiler surface and with good 
operating and investment efficiency. 

The use of the slag-bottom furnace in many cases appears 
warranted as a heat accumulator, aside from its benefits to com- 
bustion stability. Where very rapid changes in output are de- 
manded, however, the unit should be designed with a minimum 
of water storage and heat storage to eliminate this source of lag. 
In the use of direct firing, minor modifications in the arrange- 
ment of mills and burners supply may be provided to approxi- 
mate the characteristics of a bin and feeder system in order to 
eliminate the lag incidental to the use of direct firing. The 
superheater and its supporting arrangement is one of the major 
problems in boiler design, especially with the relatively high- 
steam temperatures which are now prevalent. Wherever pos- 
sible, water-cooled supports should be provided, even though 
this introduces some circulating problems in the water circuit. 
With higher pressures and the average water supply, some form 
of steam washing or purification would probably be justified. — 
Some provision for steam-temperature control is essential in 
order to maintain at all ratings the highest possible steam tem- 
peratures permitted by the turbine design. 

The type of boiler equipment which might be selected for any 
condition could only be determined by a careful evaluation, and 
the foregoing comments merely indicate an opinion of what might 
be arrived at by such an evaluation under present conditions. 
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Utility of Variable-Displ 
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for Hot-Pressing in Plyw ood 


Operations 


By ELEK K. BENEDEK,' MOUNT GILEAD, OHIO 


Variable-displacement pumps or generators form the 
primary part of a complete hydraulic energy transformer, 
the secondary part of which is a hydraulic motor. Hy- 
draulic transformers of fluid drives are becoming more 
and more useful for all kinds of modern production ma- 
chinery, such as presses, machine tools, automotive en- 
gines, cranes, etc., because of certain advantages offered 
along the line of the modern power-transmission prob- 
lems. The flow of chemical energy occurs in the form of 
a fuel and air compound, into an internal-combustion en- 
gine, where it will be transformed to thermal and partly 
mechanical energy. The mechanical energy flows further 
in periodic impulses to the crankshaft of the engine in the 
form of a mechanical direct-current energy, where through 
the flywheel of the shaft it will be somewhat smoothed out, 
so that in a mechanical-electrical energy transformer it 
will be transformed to direct-current or alternating- 
current energy. These currents finally reach the elec- 
tromotor of the shop, which operates the drive shafts 
of mechanical or hydraulic energy transmission appara- 
tus, transmission-belt shafts, gear transmissions of ma- 
chine tools, electromotors of press pumps, etc. 


T IS often necessary to conduct the 
primary form of nature’s energy, e.g., 
the heat energy of coal, through a series 

of energy forms orto transform it by a series 
of electrical and mechanical devices which 
are capable of utilizing it for ultimate re- 
quirements. The heat energy of the coal 
can be transformed to the elastic pressure 
anergy of the steam, and this to electric 
nergy. The electric energy thus gen- 
erated may have to be transmitted to a 
remote place. It is then necessary to step 
up its tension by transformers and distribute it over large terri- 
tories, and again to transform the tension down to a voltage that 
may be utilized at the place of remote consumption. But this 


1 Consulting Engincer, Hydraulic Press Mfg. Co. During the 
World War, E. K. Benedek was an officer in the Austro-Hungarian 
army. In 1916, he was captured by the Russians and was kept in 
Siberian prison camps until 1920. Returning to Budapest, he ob- 
tained the degree of Mechanical and Electrical Engineer from the 
Royal Joseph Institute of Technology in 1922. He then came to the 
United States and went with the General Electric Company in West 
Lynn, doing research and development work. Since 1926 he has been 
engaged in the development of variable-delivery high-pressure pumps. 
In 1929, at the Royal Joseph Institute, he obtained the Doctor's de- 
gree of Technical Science. A great part of his experimental work 
was carried out with the Oilgear Company, in Milwaukee, Wis., as 
development engineer, for the purpose of diagnosing the performance 
of the oil-gear pumps. The Hydraulic Press Manufacturing Com- 
pany, of Mount Gilead, Ohio, invited him to develop and build a line 
of his patented pumps. 

Contributed by the Wood Industries Division and presented at the 
Semi-Annual Meeting, Chicago, IIl., June 26 to July 1, 1933, of Tus 
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is not the end of the cycle of the change of form of the energy. 
To make it useful, in a hydraulic press for example, it is further 
necessary to transform it back to pressure energy—this time to 
oil-pressure energy. 

For manufacturing purposes and processes, a series of steps 
and a series of mechanical, electrical, or hydraulic devices are 
needed. With increasing production requirements and with 
increasing demand for economy, flexibility, and low maintenance 
cost, the trend of modern machine operations is toward hydraulic 
drives and devices. This is because of the infinite flexibility of 
speed and of load control and because of the smoothness of action, 
the simplicity, and the efficiency through fluid-pressure power- 
driven transmissions and oil-pressure systems. Where a train 
of transmission gears wears out, becomes noisy, vibrates ex- 
cessively, and yields only a few steps of speed, the dream of 
inventors and engineers still goes back to a variable-speed fluid 
transmission drive. Where the toggles of a mechanical machine 
wear out and incapacitate the entire machine under the high- 
speed production of modern times and where a constant pull 
or a constant pressure has to be maintained indefinitely or con- 
tinuously, as for instance in paper mills and plywood operations, 
irrespective of the variation of the strength and the structure of 
the individual work elements, fluid-pressure devices and methods 
have proved to be able to perform automatically and uniformly. 


OPERATING CHARACTERISTICS OF PosITIVE-DISPLACEMENT 
VARIABLE-DELIVERY Pumps 


The underlying theory of the commercially known variable- 
delivery rotary-piston-type pumps or oil-pressure generators 
will be best derived in connection with the accompanying Fig. 1. 
In these types of pumps a primary rotor 1 is positively or float- 
ingly coupled to a secondary rotor 2 or 2’ by means of a number 
of radially reciprocating pistons 3, which reciprocate in coacting 
radial cylinder bores provided in the primary rotor 1. Fig. 1 
shows the two fundamental types of hydraulic generators, in one of 
which the secondary rotor 2 is a ring and the cooperating pistons 
have a semi-crank motion in regard to this ring, whereas in the 
other type of pumps the secondary rotor 2’ is a regular polygon 
and the cooperating radial pistons have a crankless pure harmonic 
motion relative to this polygon along the respective sides of the 
polygon. Under ordinary conditions, each rotor 1, 2, or 2’ ro- 
tates about its own axis O, and 02, thereby causing the pistons and 
cylinders 3, which are actuated by the secondary rotors 2 or 2’ 
in a specific manner, to make a suction stroke and a pressure 
stroke during each simultaneous revolution of the rotors. The 
entire assembly comprises members 1, 2 or 2’, and 3. The 
horizontal plane containing the individual rotational axis O, or 
O, of the rotors 1 or 2 or 2’ is characterized in Fig. 1 by its inter- 
section line N-N with the plane of the drawing of Fig. 1, and 
which represents the dead-center position of all the pistons. The 
dead-center position therefore is the intersection line of the plane 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their and 
of the Society. d 
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of the rotational axis and the main meridian plane containing all 
_ the pistons. Therefore it will be observed that each piston, with 
its outer end attached to the secondary rotor 2 or 2’ during 180 
_ deg of one of its revolutions, relatively will approach the primary 
rotor radially, whereas during the subsequent 180 deg of one of 
_ its revolutions it will move away from it, or vice versa. Thus the 
distance of the rotational axis O,; and O, will determine the eccen- 

_ tficity p of the pump, which, as will be set forth later on, may be 
_ varied from zero to the maximum value, toward each side of the 
_ stationary center 0, which is the center of the primary rotor 1 in 
this instance, and thereby the stroke of the pistons will be accu- 


CENTERS 


Fie. 1 


rately controlled. When O, coincides with O02, the associated 

assembly will rotate bodily as a unit and no reciprocation of the 

pistons and cylinders will take place; hence the delivery will be 
zero, despite the full-speed rotation of the pump. 

It is evident from Fig. 1 that as soon as the connection of 
piston 3 with its actuating rotor 2’ is such that its outer end 
- maintains a relative reciprocation on the side s of the regular 

polygon 2’, the pumping movement of plunger 3 will be given. 
Path s is drawn tangentially to the secondary rotor 2 in point B 
and assuming that the operating eccentricity circle is 4 of the 
- radius p, as shown in Fig. 1, and further assuming that the rota- 
tional angle of the piston 3 is measured from the line N-N of all 
_ the dead centers, after a time period of t seconds, the angular 
speed w will be: 


Piston 3 will cover an angle a, which will be given by the ex- 


pression: 


Assuming further an anti-clockwise rotation of the piston, 
after the dead-center position, the displacement z of the piston 3 
will be given by the following expression: 


or in the function of time ¢t: 
x = p[l — cos at] 


It may be that a particular design does not constrain the motion 
of the outer end of a piston at the straight line s of rotor 2’, 
but it guides along a circular path 2 of the rotor, in which case 
it can be easily proved that the fundamental equation of the pis- 
ton displacement will be similar to that given by Equation [4], 
with the addition of a modifying factor, which will express that 
at time ¢ the outer end of the piston will not be at the line s, but 
it will be in point C on the circular path 2 instead of in point B 
of the path s. 

From the triangle AB’C of Fig. 1, which is a rectangular tri- 
angle with its hypotenuse AB’, the distance BC = e, in which 
the piston path z of the two fundamental designs are differing, 
shown in Fig. 1. The difference is called the modifying factor e, 
for the circular-piston-path type of pumps, and it may be © 


expressed as follows: 


‘Cad 


The particular means which engage the pistons with the secon- 
dary rotor 2 form the ‘‘tendon of Achilles’’ of each design, and the 
ways by which the tremendous hydraulic load of each piston is 


transmitted to the secondary rotor or reaction member will 
determine the characteristics of each particular design. 7 

Fig. 2 shows a pressure-control-equipped high-pressure pump | 
of the author’s design. 


FiLow CHARACTERISTICS IN THE Pump LINES 


From the simple analysis expressed in Equation [4], it follows, 
as far as the atmospheric pressure is capable of accelerating the 
fluid behind a piston, that it will represent not only the displace- 
ment of a piston, but the motion of the fluid which is sucked in 
or expelled by the piston. Hence, the first and second deriva- 
tions of the path in Equation [4], according to the time, will 
give the velocity and acceleration of the fluid following the pis- 
tons. Thus the velocity of a stream following a piston will be: 
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‘The stream path, velocity, and acceleration Equations [4], [6], They show that the displacement curves have critical sharp 
zi _ and [8] are represented in the time-flow diagrams Figs. 3a, 3b, corners as well as the acceleration diagrams, whereas the velocity 


Bf and 3e. has small harmonic peaks; for instance, in the case of a five- 

: In the case of a series of radial pistons and cylinders of 5- or 6- plunger pump, ten small peaks, and in the case of a six-plunger 

piston units, the diagrams are shown in Figs. 4a, 4b, 4c, and 5a, pump, six large peaks. With similar deductions we would find 

, | ‘ 5b, 5c, respectively. They give an interesting picture of the that an‘odd number of pistons in a pump will give, during each 

resultant flow conditions of a 5- or 6-cylinder unit of the type revolution, a number of pulsations twice the number of pistons. 
of pump in which the piston crossheads are guided on the line s. The diagrams of Figs. 3, 4, and 5 are plotted for the duration - y 
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of one revolution, which in the present instance is one-tenth of 


a second, or for 600 rpm. These diagrams are given for the 
purpose of illustrating clearly that the delivery of multi-plunger 
pumps is externally smooth and that it gives a sufficiently high 
periodic fluctuation in the flow of the pressure fluid and energy 
which are required by the respective application. 

Figs. 6a, 6b, 6c, 7a, 7b, 7c, and 8a, 8b, 8c are the parallel 
diagrams of resultant flow for the type of pumps represented in 
Fig. 1 by the secondary rotor 2, which carries the piston cross- 
heads on an actual arc instead of a straight line. 


FLow CHARACTERISTICS OF THE SEMI-CRANK-T Pumps 


In Figs. 6a, 6b, and 6c, for the purpose of comparison, the effect 
of the modifying factor e, expressed in Equation [4a], is shown. 
From the figures of group 6 it is evident that the pure harmonic 
nature of the velocity of the suction or the discharge line of the 
crankless or semi-crank type rotary pumps is, practically speak- 
ing, the same in both types of pumps. The terms crankless and 
semi-crank are used for the two types. When the crosshead is 
compelled to slide on the straight line s in Fig. 1, it is evident 
that the crosshead will have no rocking movement in regard to 
the piston. In the second case, it has a rocking movement, and 
the piston itself forms the connecting rod. 

The equation accompanying Fig. 4a is as follows: -¥ = 


ze = + 1.538 sin a — 0.5 cos a] [9] 


and expresses the resultant displacement of the simultaneously 
sucking or delivering pistons in the function of the time in a five- 
piston pumping unit. Since the number of pistons is odd, it is 
evident that simultaneously there will be two or three pistons at 
the suction or at the delivery side of the pump, as shown in the 
figure. For instance, between the time 0.01 and 0.02 sec 
there are two stream waves, whereas between the interval 0.02 


and 0.03 there are three stream waves or pistons. Consequently, © 


for every 36-deg travel of the pump, there will be a two- or three- 
piston period in the resultant displacement expression. Equa- 


tion [9] is the expression for the three-piston period as marked | 


with the inequality equation: 


which means that after the dead-center position between zero 
and 36 deg, the first period is a three-piston period, as shown 
in Fig. 4a. The same is true of the equation of resultant ve- 
locity, which is as follows: 


Ve = pw[1.538 cos a + 0.5 sin a].......... [10] 


which expression is valid for the interval of inequality [9a]. 
The resultant acceleration exerted by the atmospheric pressure 

in order to accelerate the suction fluid and keep it in contact with 

the bottom of the suction plungers will be expressed as follows: 


a. = pw*(0.5 cos a — 1.538 sin a].......... {11] 


with the same region of validity as Equations [9] and [10]. 

In case of n pistons, the equations of resultant path, velocity, 
and acceleration were first developed by the author in 1929, 
in his doetor’s dissertation on ‘‘The Analysis of Construction and 
Operation of Rotary Pumps, With Particular Regard to the 
Elimination of Destructive Phenomena in the Pumps.” 

In an n-piston pump, n being assumed to be an odd number, 
the maximum number m of the simultaneously sucking or de- 
livery pistons will be 
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According to the analysis of the dissertation for the m and m — 
1 piston periods, the resultant displacement equations will be: 


k=m—2 k=m—2 
len =p E — COs cos k8 + sin @ > sin {15} 
k=0 k=1 


Ze(m—1) = p E —1)—cosa@ cosk8 + sine sin | 
k 


k=1 


[15a) 


The velocity equations for the periods of m and m—41, re- 
spectively, of the resultant suction and delivery, will be: 


k=m—1 k=m—1 


Yen = | oon sin ks + sine cos 
k 0 


k=m—2 k=m—2 


Ve(m—1) = pw E a sinks + sina cos ta | 
k=1 k 


= =1 
The resultant fluid acceleration in the suction pipe will be: 


k=m—1 k=m—1 
dem = pw? E a cos k8 — sina sin t| . [17] 
k=0 k=0 
k=m—2 k=m—2 
Qe(m—1) = pw? E a cos k8 — sina sin 
k=0 k=1 


Equation systems [15] to [17a] thus define the motion of the 
fluid for any piston number in a pump.? If m becomes even, 
then: 


Thus the number of sucking and delivery pistons will be the 
same, and the foregoing equation system will be simplified and 
reduced to three fundamental equations, expressing the resultant 
path, velocity, and acceleration in the pipe lines of the pump 


or its associated circuit. 


Power REQUIREMENTS 


In order to give another picture of other characteristics of the 
pump shown in Fig. 2, the pump was tested in regard to its 
mechanical and volumetric efficiencies with a General Electric 
wattmeter, to measure the input energy at various pressures. 
The results are shown in Fig. 9. The input kilowatts were 
measured at the clamps of the electromotor; therefore the 
efficiency of the driving motor was taken in consideration in 


2 It is assumed in these calculations that the pistons have a unit 
area and that a unit section area 


Che phase angle 8 of the individual pistons will be: Te a ieee 
(360\° 
[14] 

] 

- 

be 

whereas the minimum number of such pistons will be: 


plotting these diagrams. In Fig. 9 »: is the volumetric efficiency, 
nm is the mechanical, and 7 is the overall efficiency of the pump. ha 
Besides the full-stroke input-horsepower diagram and measure- 
ments, a time diagram was taken at various pressures, as indi- 
cated in Fig. 10, to determine the input horsepower at these 
_ pressures, when the pump is equipped with an automatic pressure 
control as shown in Fig. 2. In Fig. 10, in the time diagrams, 
_ section 1 of the curves represents the idle running of the pump, 
and peak 2 represents the time at which the pressure control 
unloads the pump against a spring pressure which tends to 
hold it at its maximum stroke. As the pressure approaches the 
set pressure of the control, say 2500 lb per sq in., the horsepower 
increases to peak point 2, then the control plunger against the 
spring pulls the pump to short stroke, and while the pressure is 
maintained at its constant value of 2500 lb per sq in., the input 
kilowatts drop down to line 3 in the figure. The difference 
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between line sections 1 and 3 gives the kilowatts necessary to 
maintain the maximum pressure for an indefinite length of 
time. 

The significance of the variable-delivery, positive displace- 
ment pumps is laid down in the diagrams of Fig. 10. Whereas 
in a constant-delivery pump a minimum of 17 hp would be neces- 
sary to maintain the 2500-lb pressure, in a control-equipped 
variable-delivery pump a peak of 8 hp is sufficient, although an 
average of 3 hp will hold the pressure indefinitely. Fig. 9 shows 
for comparative purposes the full-stroke horsepower and un- 


loaded-pump horsepower. 


It must be remembered that in case of a constant-delivery 
pump, even if the fluid is bypassed prior to a maximum-peak 
pressure, the size of the electromotor must be as big as if the pump 
were to work at full pressure at all times. Hence, the economy 
of pressure-fluid energy for pressure-holding jobs, as is typical in 
plywood operations, is readily seen. Here, as is well known, 
the pressure must be kept at a constant value, during a critical 
length of time, which is necessary in order that the hot glue and 
plywood may take up a permanent shape and so that the glue 
will have time to penetrate into the intermolecular spaces of the 
wood and thus bind the layers permanently and elastically. 


PressuRE MAINTENANCE © 


AUTOMATIC PRESSURE-HOLDING CONTROL 


Fig. 2 shows the arrangement of a pressure-holding control of 
H-P-M radial-type high-pressure pump. Pump casing 1 is pro- 
vided with diametrically opposite pads 7 and 8 for two control 
rods which connect directly to the stroke-adjusting member of 
the pump in the casing. On pads 7 and 8, there are a spring hous- 
ing 2 and a cylinder 3. In spring housing 2 there is the control 
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spring pulling the control rod in a left-hand direction, thus 
putting the pump on maximum stroke to deliver in one direc- 
tion only through pump main 9. Opposite to discharge main 9 
is suction main 10. Handwheel 5 adjusts the tension of the 
spring, and thereby the force which resists any change of the 
pump stroke. Main 9 is, however, connected with unloading 
cylinder 3 through pipe 4, so that as soon as the main pressure 
reaches the maximum working pressure of the system, the piston 
in cylinder 3, which is a part of the right-hand control rod, pulls 
the control member of the pump toward the right and approaching 
the center position of the pump, when delivery becomes very 
small. As soon as an equilibrium between the spring force and 
the unloading pressure is reached, the pump will maintain the 
pressure against the spring force against any variation in tem- 
perature or slip; thus the main crosshead of the pump will float 
to the right and left to maintain that balance. : 
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TypicaL Hook-Up iv 

Finally, a schematical set-up of a pressure-control-equipped 
variable-delivery pump with a double-acting reciprocating ram 
might be introduced, as in Fig. 11. Pump 1 with control spring 
and housing 3 is mounted on a rigid reservoir 2, so that automatic 
unloading cylinder 5 will be in connection with pressure line 6 of 
the pump through control connection 7. A suction pipe 5 con- 
nects the suction main 4 and reservoir 2. A double-acting four- 
way valve 8 is interconnected between the pump, reservoir, and 
double-acting press cylinder 9 in a well-known manner so that 
line 10 will carry the pressure fluid and line 11 the suction fluid 
through the valve and pipe 12 back to the reservoir 2. 

The simplicity of the press and the entire system, its de- 
pendability, and its ease of control place it among the mechanical 
devices that serve a large number of human needs. 
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Allowable 


This paper discusses the nature of failure under impact, 
and indicates how the factor of safety under these condi- 
tions is determined by the properties of the material em- 
ployed. 


HE proper factor of safety to employ in a given case is 

mainly dictated by two conditions: First, by the degree of 

reliability with which the stresses are calculated (data 
concerning the possible external loading, reliability of the funda- 
mental theoretical assumptions, and correct representation of 
actual working conditions), and second, by the degree of certainty 
respecting the similarity of the mechanical properties of the 
material with those of the specimens used in the laboratory tests, 
(homogeneity of the material, sufficient similarity of working 
conditions of the material in service and under test). With 
respect to impact, however, both of these conditions are very 
complicated, as the calculation of the theoretical stresses can be 
made only in the simplest cases, and the conditions under which 
tests are made in the laboratory are usually those obtaining at 
static speeds, and very far from the conditions existing in actual 
service. Therefore, in order to determine the proper safe work- 
ing stresses, it is necessary to study both sides of the question in 
detail. 


1—MeEtuops or CAaLcuLATING Stresses UNDER IMPACT 


At the present time there are two ways of analyzing impact 
stresses: the theoretical, or, properly speaking, the dynamic, 
and the empirical, or static, with a correction made for dynamical 
conditions. 

The first method gives an accurate solution of the problem only 
in exceptionally simple cases, such as elementary problems of 
longitudinal impact of bars with rounded ends,? impact of elastic 
spheres,? impact of a sphere falling on an elastic beam,‘ etc. 
This method is of but little practical importance. In the ma- 
jority of cases other than those mentioned it is necessary to resort 
to approximate solutions, based upon the assumption of simi- 
larity of static and impact stresses and neglecting the time for 
propagation of the elastic wave (kinetic-energy method’). In 
longitudinal impact, this assumption is equivalent to the ad- 
mission that at any given instant the whole bar is affected by a 
homogeneous state of stress. It is difficult to ascertain a priori 
the order of error, particularly because of the fact that the impact 
stresses are to a considerable degree affected by the local condi- 
tions of the impinging surfaces. These conditions for a given 
impact loading may vary, depending on details of the particular 
application (e.g., the state of the edges of a rail joint during 
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Head of the Mechanical Department of the Physico-Technical 
Institute in Leningrad. 

2 J. Sears, Proc. Cambridge Phil. Soc., vol. 21 (1908), p. 49. 

3A. Dinnik, Izv. Kieff Poly. Inst. (Trans. Poly. Inst. of Kieff), 
1909, no. 4 (in Russian). 

4S. Timoshenko, Zeit. f. Math. u. Phys., vol. 62 (1913), p. 198. 

5S. Timoshenko, ‘Strength of Materials,’’ 1930, chap. 10, pp. 
65-68. 
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Working Stresses Under Impact 


By N. N. DAVIDENKOFF,! LENINGRAD, U.S.S.R. 


impact of a rolling wheel), and resulting in a different magnitude 
of stress. Therefore the reliability of the theoretical calculation 
of the stresses is very low. 

The second method is applied in cases where series of impacts 
cause oscillation of the loading about a certain mean value corre- 
sponding to the static conditions. For instance, the loading 
exerted by wheels of a moving train on the rails or on a bridge 
truss, by the wheels of a truck on the highway pavement, etc. 
are of this kind. In such cases it is customary to judge the 
impact character of the loading by a dynamic coefficient greater 
than unity, expressing the ratio of the maximum impact load to 
the equivalent load under static conditions. The value of this 
coefficient can be determined in some cases in a purely empirical 
way, and our knowledge in this field is constantly increasing.*® 
However, in many cases we still have to be satisfied with arbitrary 
assumptions about the dynamic coefficients by employing merely 
general considerations. 

In view of the uncertainty of calculation of the impact stresses 
and of the variety of solutions obtained, it is not possible to make 
any general statement concerning the allowable working stresses; 
therefore, in the following there will be considered only the case 
in which the impact stresses, calculated in one way or another, 
are checked experimentally and are consequently reliable. 

As far as the actual methods of checking are concerned, diffi- 
culties arise because of the short duration of the impact (usually 
of the order of a few thousandths of a second) and of the wave 
character of the stress distribution. This checking will be treated 
in detail later. 


2—DETERMINATION OF THE MECHANICAL PROPERTIES IN THE 
LABORATORY 


In considering the mechanical properties of materials, the 
fundamental problem may be stated as follows: Is it permissible 
in calculating the allowable working stresses to use as a basis the 
yield point and the tensile strength of the material obtained under 
static conditions of loading? 

The question has to be stated in this way for the reason that 
purely impact testing for rupture as usually carried out does not 
afford any means of determining directly the behavior of the 
metal during the impact. It is necessary to integrate the forces 
throughout the whole region of deformation, or to calculate the 
amount of the energy of deformation, which, however, cannot be 
used directly as characteristics for structures.’ Consequently 
there arises the following question: What relation exists between 
the dynamic and the static properties (mainly, the yield point 
and tensile strength), which of them is the larger, and how much? 
The answer can be given only with the help of scientific investiga- 
tions which are of a complicated nature but are nevertheless 
available in large numbers. 

In studying the influence of the variable speeds of static load- 
ing, we are enabled to predict the change of properties at impact 
speeds. Long ago it was noticed that in the plastic deformation 
of solid bodies internal friction increases with the speed, approach- 
ing the friction of viscous liquids; it is therefore natural to expect 


6S. Timoshenko and B. Langer, “Stresses in Railroad Track,” 
Trans. A.S.M.E., vol. 54 (1932), APM-54-26. See also works of the 
Russian Bridge-Testing Stations (HKBC), 1926. 

7 N. Davidenkoff, ‘‘Factor of Safety in Dynamical Calculations,” 
Stroitelnaja Promishlennost (Structural Industry), no. 11 (1924), p. 
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an increase of resistance to plastic deformation with an increase 
of speed. On this property was based the further one of “‘re- 
laxation” (at constant deformation) which was studied by Max- 
well,® and also one generally known as the creep of metal (at 
constant stress). The conception of Schmid and Polanyi’ gives 
perhaps the clearest physical idea regarding these properties. 
They propose to differentiate between “thermal” and “‘athermal”’ 
plasticity. It is assumed that in the process of plastic deforma- 
tion the heat motion of the atoms (thermal plasticity) continu- 
ously reduces the strengthening caused by cold working (athermal 
plasticity); in the case of short-duration loading (high speed) 
or loading at low temperatures, the reduction of the strengthening 
is slackened, and it is necessary to supply more energy for the 
same deformation." The nearer the melting temperature of the 
metal is to the room temperature, the more evident is this influ- 
ence of the speed because of the larger mobility of the atoms. 
Therefore, for example, lead is more susceptible to speed than 
iron.!! Now, considering the speeds of impact, we have to ex- 
pect this phenomenon to manifest itself to a still greater extent. 
Here, however, appear the experimental difficulties mentioned 
above. 

One of the simplest, but at the same time one of the crudest 
methods of measuring the impact force during rupture of a speci- 
men in the laboratory is to calculate the average strength of the 
specimen; for this purpose it is sufficient to divide the measured 
energy of deformation of the specimen by the total elongation of 
the latter. Comparing the stress-strain diagram obtained under 
dynamic loading with one obtained under static conditions, it is 
possible to obtain a preliminary idea regarding the influence of the 
speed. According to the experiments by Blount, Kirkaldy, and 
Sankey,'* this influence for various steels at high impact speeds 
(height of fall of the blow-imparting 
mass, or tup, 12 meters) was expressed 
by ratios ranging from 1.24 to 1.55, 
and from 1.23 to 1.37 according to ex- 
periments by Korber and Sack.!® 

The next difficult problem is the 
measuring of the elastic limit and the 
yield point for impact. This is easier 
to accomplish because of the fact that 
up to the appearance of the first perma- 
nent deformations the specimen obeys 
the laws of elasticity, and its deforma- 
tions can be considered as a measure of 
the stresses. Of the various methods 
used for this purpose, only two em- 
ployed by the author will be considered 
here. 

During one investigation,’ the fol- 
lowing arrangement shown in Fig. 1 
was used. The specimen A was in- 
serted in the two tups C and D of the 
Amsler testing machine in such a way 
that the lower tup D was suspended from the upper tup C not 
through the specimen, as is done in usual testing, but with the wires 

8 Maxwell, Encycl. Brit., 9th ed., vol. 7, p. 798. 

* E. Schmid, Naturwissenschaften, vol. 17, p. 301, 1929. 

1° At very low speeds, lowering of strength must be expected, which 
actually was observed (Welter, 1927) for all metals with the excep- 
tion of iron (Bottomley, 1879); for this latter, at low speeds, a special 
phenomenon appears, namely, aging, causing a new rise in strength. 

11 FE. Siebel and A. Pomp, Mitt. K.-W. Inst. fir Eisenforschung, 
vol. 10 (1928), p. 63. 

12 Proc. Inst. M. E., 1910, p. 715. 

18 F, Koérber and B. Sack, Mitt. K.-W. Inst. fir Eisenforschung, 
vol. 4 (1922), p. 11. 


14N. Davidenkoff, Izv. St. Petersburg Poly. Inst. (Trans. Poly. 
Inst. of St. Petersburg), vol. 20 (1913), pp. 421-462, 547-580. 


Fie. 1 DiacGram SHow- 

ING ARRANGEMENT OF 

Turs AND SPECIMENS IN 

THE AUTHOR’S EXPERI- 
MENTS 


E. When the projecting shoulders of the upper tup strike the fixed 
parts F, the wires break, the tup C rebounds, while D continues 
to move down until it causes an impact tension in the specimen, 
changing the speeds of the tups. These speeds were measured 
by means of diagrams made by both tups on a rotating cylinder. 
Knowing the weight of the tups, it was possible to calculate the 
amount of elastic energy expended by them on the specimen. 
The actual amount of the elastic energy accumulated in the 
specimen had to be larger than the amount of energy measured 
in this way, because of unavoidable losses. Knowing the 
amount of the potential energy, it was possible to calculate the 
stresses; and by observing the instant of appearance of the first 
Liiders lines on the surface of the specimen, the stress in the 
vicinity of the yield point could be determined. 

Experiments made with a soft steel indicated that the dynamic 
limit of yielding exceeds the static in the ratio ranging from 1.23 
to 1.42; this ratio can be only smaller than the actual one, 
according to the statement previously made. 

Another series of experiments was performed by the author 
and K. Yurieff for the purpose of determining the relative 


TYPE OF SPECIMEN USED IN EXPERIMENTS OF DAVIDENKOFF 
AND YURIEFF 
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Fig. 2 


magnitude of the yield point with respect to the tensile strength 
of the material.!* The method of the Liiders lines was again 
used, but this time in the following manner: The specimen to be 
tested had the form and dimensions shown in Fig. 2, and its 
surface was polished. After its rupture in the Amsler machine, 
it was evident that the plastic deformation accompanied by the 
Liiders lines progressed on the conical portion to a certain section, 
usually easily noticeable by eye (especially if the sample had been 
previously covered with shellac). After having measured the 
area A, of this limiting section, in which, obviously, the stresses 
were at the dynamic yield point p;, it was possible to determine 
also the relative value of the latter from the conditions of equality 
of the maximum tensile force in all sections: 


= Aop or 


where Ap is the original area of the section in the cylindrical part 
and p is the tensile strength of the material. From static tests 
on similar specimens it was possible to determine the same ratio 
for low speeds and then to make a comparison. 

Experiments performed on six different varieties of annealed 
carbon steel showed that the ratio n for impact loading is always 
larger than for static loading, the average of the two being 1.25, 
the ratio varying from 1.10 to 1.43. 

Finally, A. Dinnik'* investigated the impact of steel spheres 
against a steel block with a plane polished surface; by observing 
the instant that the first permanent deformations appeared, and 
then employing the exact theory of H. Hertz, he calculated the 
corresponding stresses. By comparing these with the corre- 
sponding stresses in static loading, he found that the dynamic 
yield point exceeds the static in a ratio of at least 1.85. 

The foregoing values, together with data from other series of 
investigations, are given in Table 1. 


18 N, Davidenkoff and K. Yurieff, First communication of the 
NIATM, Zurich, 1930, p. 231. 
16 A, Dinnik, Izv. Kieff, Poly. Inst. (Trans. Poly. Inst. of Kieff), 
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TABLE 1 RATIOS OF RISE OF YIELDING LIMIT AT IMPACT 


Authority Year Material Ratio of rise Remarks 
B. Hopkinson” 1905 wire 1.68 
N. Nemiloff* 1910 Steel 
N. Davidenkoff' 1913 Steel 
N. Davidenkoff and 
K. Jurieff'* 1927 Steel 1.10-1.43 Relative (not abso- 


lute) rise of yield 
point 

All the experimental data show a considerable rise of the yield 
point at impact with the exception of those recently reported by 
Guest,” which are of opposite characte. Guest measured and 
recorded the elastic deformation during longitudinal impact of 
two long iron bars (11 ft and 23 ft), and using this deformation, 
he checked the correctness of the methods employed in calculating 
the stresses. As the yielding limit, he assumed the stress at 
which the coefficient of recovery after the impact (relative height 
of rebound of the striking bar) started sharply to fall. This 
stress (31 kg per sq mm) but slightly exceeded (less than 1 per 
cent) the static value of the elastic limit. 

It seems to be possible to reconcile these contradictions. In 
all experiments mentioned above, rather large deformations were’ 
used as criteria of passing beyond the yielding limit, such as the 
Liiders lines in the author’s experiments or an apparent deforma- 
tion changing the refraction of light (Dinnik); but Guest in his 
experiments with the most accurate measurements (0.0001 in.) 
discovered no change in the dimensions of the bar after passing 
beyond the yield point. Therefore it is possible to believe that 
the stress at which the first exceedingly small permanent def- 
ormation appears does not depend on the speed; but if the 
determination of the elastic limit or the yield point is connected 
with a definite value of the permanent deformation or with a 
definite degree of its external expression (Liiders lines), the 
difference from the data given in Table 1 is then apparent, be- 
cause the short duration on the blow does not permit the def- 
ormation to sufficiently develop. 

For the designer, the stresses beyond the yielding limit are 
dangerous only in connection with the above-mentioned external 
effects, and therefore the numerical results of Table 1 remain 
valid. 

Finally, in measuring the strength of a material under impact 
it is necessary to use extremely elaborate experimental methods, 
which will permit determining fully the whole stress-strain 
diagram in impact. Many procedures have been proposed for 
this purpose, but none of them received has been employed in 
more than a single investigation. They all fall into one of two 
classes: 

1 The curve of the motion of the tups that ruptures the 
specimen is recorded as a function of time, s = f(t), and by 
differentiating this curve twice, the acceleration, d*s/di?, and 
consequently the strength of the specimen, is obtained. (See 
Plank,?! Elmendorf,?? Gett,2* Homger,** Seehase,*® Schwinning 
and Matthaes,** Kérber and Storp,?” and Yamada.**) This 


17 B, Hopkinson, Proc. Roy. Soc., London, 1905, p. 498. 

18 N. Nemiloff, The Engineer (Kieff), 1910, nos. 11 and 120 (in 
Russian). 

19 —. Meyer, Forschungsarbeiten, V.D.I., no. 295, 1927. 

20 T. Guest, Proc. Inst. M. E., 1930, p. 1273. 

2. R. Plank, Z.V.D.I., vol. 56 (1912), p. 17. 

22 A. Elmendorf, Jl. Franklin Inst., 1916, p. 771. 

%3 P. Breuil, Revue de Mecanique, 1909. 

Homger, Z.V.D.I., vol. 56 (1912), no. 37. 

28 H. Seehase, Forschungsarbeiten, V.D.I., no. 182, 1915. 

26 W. Schwinning and K. Matthaes, Deutscher Verbund fir 
Materialpriifung der Technik, 1927, no. 78. 

27 F, Korber and H. Storp, Mitt. K.-W. Inst. fir Eisenforschung, 
vol. 7 (1925), p. 81. 

28 R, Yamada, Science Reports, Tohoku University, vol. 17 (1928), 
p. 179. 
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method has the disadvantage that considerable errors are un- 
avoidable in the process of double graphical differentiation. 

2 Elastic self-recording dynamometers are used: for example, 
in measuring the elongation of a steel bar (Moore,® Meyer®); 
mutual compression of spherical lenses (Kirner,*! Davidenkoff**); 
deformation of piezoquartz (Prince Galitzyn,** Kluge and 
Linckh*), The difficulty in using dynamometer methods lies in 
the necessity of providing the elastic system of the dynamometer 
with a natural-vibration frequency several times smaller than the 
duration of that part of the investigation during which the 
change of the force must be correctly recorded. Apparently the 
use of piezoquartz gives the best results, although for recording 
the electric charge, which varies quickly, it is necessary to have 
an oscillograph of almost negligible inertia. This condition can 
be met only by using a cathode oscillograph. 

Adopting this latter method, an experiment in measuring the 
impact resistance of specimens was carried out in the author’s 
laboratory.** Fig. 3 is a schematic diagram showing the use of 
the oscillograph. The cathode beam was simultaneously affected 
by two fields giving transitory motion in two planes perpen- 
dicular to each other, namely, an electric field, obtaining its 
potential from the quartz crystals at D, and a magnetic field from 
special spools with large self-induction introduced automatically 


whe 


Fie. 3 Diacram SHOWING Use oF CaTHopE OscILLoGRAPH FOR 
RecorpD1NG Impact Forces 


A = Ammeter 

= 

= cimen 

E = Cathode oscillograph (P, photographie film; H, diaphragm) nal 

F = Glowing wire 

= the cathode beam (— -—-— ) from aperture in dia- 

agm H before impact (for protecting P) 

Ke«= Pit connected with induction coil Z and introduced at the instant of 
impact, imposing on the cathode beam a transitory motion along the 
time axis 

receiving potential from charge of the and 
moving beam along the axis of charges (forces). is possible to 
work with one or with two pairs of plates 

M = Mechanical arrangement at tup B, grounding the coil G before B 


begins to fall and adjusting cathode beam in its normal position. 
Coil K is cut into circuit at the instant of beginning of impact, when 
connection with earth occurs through specimen C, tup B, and lever M 


and simultaneously with the starting of the impact. The 
specimen receiving the impact from the falling tup, transmitted it 
to the quartz crystals on which it stood. The piezoelectric 
charge produced on the quartz transmitted itself to the plates of 
the oscillograph. The result was that the cathode beam pro- 


29 H. Moore, Proc. A.S.T.M., vol. 22 (1922), p. 124. 

30 —. Meyer, Forschungsarbeiten, V.D.I., no. 295, 1927. 

31 J. Kirner, Ibid., no. 88, 1910. 

32 Izv. Leningrad Poly. Inst., vol. 29 (1925), p. 53. 

33 Izv. Ross. Akad. Nauk (Proc. Russian Acad. Sciences), no. 11, 
1915. 

34 J, Kluge and H. Linckh, Z.V.D_I., vol. 73 (1929), p. 1311. 

35 By the physicist W. J. Feoktistoff with assistance of Mr. Klaust- 
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jected a diagram on the photographic film, P, the ordinates of 
this diagram being proportional to the pressure on the quartz 
at each instant, while the abscissas represented the time to some 
(exponential) scale. Fig. 4 shows the diagrams obtained for 
brass and lead specimens. The results of these preliminary ex- 
periments showed the value of the method, and at present work 
is under way on the construction of more perfect apparatus for 
festing specimens in rupture. 

In spite of the great variety of methods employed, the number 
of quantitative results obtained is very small, because most of the 
experiments were those in which the specimens were bent but not 
ruptured. All of them testify a general rise of the impact curve 
as compared with the static curve, this being more pronounced in 


Fie. 4 Impact DiaGrams For Brass (a) aND Leap (b) SpEcIMENS 


the first half of the diagram than in the latter. Some of the 
ratios for metals are given in Table 2. 


_ TABLE2 RATIOS OF RISE OF STRENGTH OF MATERIAL UNDER 
IMPACT 


Ratios of rise 


Yiel 
Authority Year Material point Strength 


Plank . 1912 1.46 
Meyer 1927 as 


Seehase ‘ Compression 
Stresses referred to 


equal deformations 
A 


point, but is large enough to be observed in all experiments 
(except perhaps those on brass). 
_ The general and indisputable conclusion to be drawn from the 
_ foregoing data is as follows: The tensile strength of the material 
and especially the yield point are higher under impact than under 
static conditions; however, the amount of rise of the strength and 
yield point is difficult to state because of lack of agreement of the 
4 experimental data available at the present time. 


7 7 The ratio of rise for strength is not so large as that for the yield 


38—SELECTION OF ALLOWABLE WORKING STRESESS 


It is a question whether or not it is possible to base the de- 

termination of factors of safety upon the increased values of the 

_ yield point and strength under impact instead of using the static 

, values. It seems to the author that the answer must be negative 
Sf for the following reasons: 

1 The static loading is imposed by a force (weight, pressure of 
water, etc.), while the impact is by a definite amount of kinetic 
energy and fundamentally different. Any local inhomogeneity 

of the material (blow holes, etc.), and the local weakening of 

Wee any cross-section, leads to a decrease in strength of the specimen 

etek in the same ratio, while the work of deformation of such a bar 

oe decreases to a much greater extent because of the decrease in its 
total elongation.** 

: 2 In the case of repeating tiie same impact beyond the elastic 


36 See S. Timoshenko, “Strength of Materials,” 1932, part 1, 
art. 64, problem no. 9. 
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limit (the author does not have in mind here the typical repeated 
loading encountered in problems of fatigue of metals), the perma- 
nent deformation received at the first impact may increase 
because of the increased duration of the activity of the same 
force, while under static load the permanent deformation does not 
depend on the number of applications of the force. This fact 
diminishes somewhat the favorable effect of the rise of strength 
occasioned by impact. 

3 Incidentally, increases of the loading under impact, as 
compared with those determined by calculations, are more 
probable than under conditions of static action of the load, be- 
cause of the larger number of factors which may influence the 
magnitude of the impact load. 

All this can be considered as an argument for using the same 
allowable stresses in designing members of structures subjected to 
impact as are used in static calculations. 

In making this statement, however, the question of reliability 
of the theoretical calculations used for the determination of 
stresses under impact has not been taken into account. Conse- 
quently the allowable working stresses have to be diminished by 
introducing an additional “coefficient of uncertainty,’ the 
magnitude of which depends on the degree of knowledge we have 
of actual impact loading. 


4—Impact BRITTLENESS 


The author has not as yet discussed the question of impact 
testing of notched specimens in bending. Would it now be pos- 
sible for the designer to use the coefficients of “impact ductility” 
obtained from such tests as additional factors in determining the 
allowable stresses? In order to obtain a clear answer to this, it is 
necessary to treat the question of the physical significance of such 
tests in a somewhat more detailed way. 

It is known that there are materials which, while giving quite 
satisfactory results in static and even in impact tests for rupture, 
fail with scarcely any expenditure of energy during notched-bar 
rupture tests. This involves an element of danger, because 
among the various members of structures working under impact 
conditions, there are very many in which abrupt changes in form 
occur, and these can cause the same effect as notches (holes, 
grooves, keyway, blowholes, etc.). Now, what is the reason for 
such brittleness and why does it not manifest itself in other types 
of test? 

Before answering this question let us consider the conditions 
that differentiate the impact test of notched samples from the 
static test, namely, the notch and the high speed. 

As shown by Ludwik,*’ during any plastic deformation the 
presence of a notch causes a special state of stress in the vicinity 
of the notch. In addition to the fundamental tensile stress 
caused by the external forces, there arise two other main tensile 
stresses representing the reaction of masses in the specimen not 
participating in the deformation but located in its vicinity. 
According to the hypothesis of maximum shear stress, the re- 
sistance to defc~mation is determined by the maximum difference 
of the principal stresses; therefore the presence of a special 
state of stress is accompanied to a certain extent by a rise of the 
stress diagram for the material at the base of the notch. 

The speed, as was seen above, affects the stress-strain diagram 
of the tension in the same way—by further increasing the strength 
at a given deformation. 

Referring to Fig. 5, let the curve AB represent the actual 
tensile stress (i.e., the stress as referred to the actual area of the 
cross-section and not to the original area, as it is usually assumed). 
The instant of rupture is determined by intersection of this curve 
with another curve CB, the ordinates of which represent the 
actual strength of the material in various states of cold working. 


37 P, Ludwik, Zeit. fiir Metallkunde, vol. 16 (1924), p. 207. » 
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Unfortunately, we do not know the actual shape of this curve, 
and can only conjecture it, although recently Kuntze,** using 
results of tests, has determined a number of points thereon. 

On the basis of certain known facts and by theoretical reasoning 
it is safe to assume that the location of the curve CB, which 
depends only on molecular attraction, is neither affected by speed 
nor by the special state of stress (and even if this should be the 
case, it would have but little effect as regards the rise of the 
curve). Then, due to notch action and speed, the curve AB 
will rise to the position A’B’, curve CB remaining fixed, and 
continue rising until at a certain critical instant point A of the 
curve reaches the point C. After this brittle rupture occurs, 
because the strength in shear will be greater than the strength in 
tension. 

It is clear now how the simultaneous action of speed and notch 
will cause brittle rupture of a material which is entirely ductile 
when undergoing the usual tests. Soft steel (iron) behaves in 
this way as a result of improper heat treatment (coarse-grained, 
overburning®), and chrome-nickel steel at a certain stage of 
annealing.® 

Variation in the conditions of the test (sharpness and depth of 
the notch, speed of the impact, temperature) will cause the same 
material to rupture sometimes as a brittle and sometimes as a 
ductile material. It is possible under given test conditions for 
two materials to prove equally ductile, while under more sévere 
conditions one of them will experience brittle rupture and the 
other not. As a basis upon which to form an opinion regarding 
the tendency of a metal to brittle-rupture, it is necessary to carry 
out a series of tests in which one of the factors affecting the rup- 
ture is varied. 

The most convenient procedure is to use the temperature of 
the test as the variable parameter. While temperature has not 
as yet been mentioned as a factor, nevertheless it is responsible for 
the location of the curve A’B’ (Fig. 5). According to Schmid 
and Polanyi’ the dependence of the stress-strain diagram on 
temperature is an established fact and appears to be the funda- 
mental reason for introducing the term “thermal plasticity.” 
It is to be expected that with a lowering of the temperature the 
curve A’B’ will rise, and for materials which at room temperature 
are characterized by a ductile rupture, brittleness will appear at 
some lower temperature. Indeed, testing at varying tempera- 
tures gives a curve of the form qualitatively shown in Fig. 6 and 
having a more or less sharply defined “critical temperature 
range’”—which is steep for a steel of low carbon content and 
flatter for carbon and special steels.‘ 

Fig. 7 shows the curves obtained in the author’s laboratory* 
for two specimens of the same boiler plate (carbon = 0.10 per 
cent): curve I was obtained after a standard heat treatment and 
curve II after an artificial overheating (two hours at 1200 C). 
It is seen that the overheating and the resulting coarse-grained 
structure displace the “critical range’ toward the range of higher 
temperatures, in this case of room temperatures. The position 
of the critical range appears to be the best criterion for the ten- 
dency of the material to brittleness. 

If the idea advanced concerning the effect of the notch is 
correct, then brittle rupture must occur also under conditions 
when one of the factors is excluded—for instance, speed or 
notch—and the third one, temperature, is simultaneously in- 
creased, Indeed the author succeeded in obtaining, for the same 

W. Kuntze, Sonderheft 20, deutsche Materialpriifungsanstalt, 
1932. 

F, Koérber and A. Pomp, Mitt. K.-W. Inst. fair Eisenforschung, 
vol. 6 (1925), p. 33. 

4©N. Davidenkoff and Zaitzeff, Journal of Technical Physics, 
vol. 2, 1932, no. 5, p. 477 (in Russian). 


41 F, Fettwis, Stahl u. Eisen, 1929, Heft 45. 
4? By F. Witman. 
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boiler plate, brittle rupture of a cylindrical specimen (Fig. 8) on a 
pendulum testing machine. A similar exhibition of brittleness 
was observed by Sauerwald* in monocrystal iron, which ruptured 
without deformation under impact at 98 C. Schwinning and 
Matthaes,*® on the other hand, used a notched specimen and 
replaced the impact test by a static one, obtaining also a brittle 
rupture, of course with a corresponding decrease in temperature 
(of the order of 30 deg). Speed alone, however, is sufficient only 
in the case of materials exceptionally inclined to brittleness—for 
instance, phosphorus iron containing more than 0.25 per cent 
phosphorus undergoes brittle rupture in impact tests of cylindrical 
samples at room temperature. Such materials, according to the 
old terminology, are said to be brittle in impact, although the 
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brittleness is, as we see, rather a state than a property of the 
material. 

Fortunately for practical work, not all materials exhibit impact 
brittleness at low temperatures (cold rupture). Up to date the 
latter has been observed practically only in the case of iron and 
its alloys (excluding such materials as zinc and bismuth, which are 
used very little in industry). It has not yet been found whether 
this is a general peculiarity of the given type of the crystal lattice- 
work of the material“ or’a property of a definite chemical element. 
Whatever it may be, neither copper, brass, nor aluminum and its 
alloys exhibit phenomena of cold rupture.** On the contrary, 
duralumin* shows at lower temperatures only increased ductility. 
Obviously, for these materials the lowering of the temperature 
(and the equivalent increase in speed) raises the yield point and 
generally the strength in a smaller degree than the increase of 


43 F. Sauerwald, B. Schmidt, and G. Kroner, Zeit. fir Physik, vol. 
67 (1931), p. 179. 

44 P, Schoenmaker, First communication, NIATM, 1930A, p. 243. 
46 W. Guldner, Zeit. fiir Metallkunde, vol. 22 (1930), pp. 240 and 
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strength in rupture. This has been confirmed by static observa- 
tions. ** 


5—PractTicaL SIGNIFICANCE OF Impact TESTS 


From the foregoing considerations it is clear that the impact 
test of notched specimens, in spite of its necessity (at least for 
ferrous metals), does not afford results having any relation to the 
magnitude of the allowable stresses and should be used only for 
purposes of checking;*’ it may either reject the material, or 
approve it for use under stresses allowable with static loading. 

The establishment of conditions for the rejection or approval 
of material requires careful preliminary study of the material and 
working conditions of the structure in which it is to be used. 
Only a few general considerations have been presented here. 

Obviously, the matter must be decided by the position of the 
critical range of cold rupture. Therefore the impact test cannot 
be satisfied by any single factor (type of sample, speed, and 
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temperature of test), or even by two of them, as proposed by 
Moser;** it must give the whole curve of the dependence, of the 
type indicated above, on the temperature. This of course intro- 
duces considerable complication into the impact test, and pro- 
hibits the employment of such tests in industry. 

Perhaps in the future we shall learn how to determine in a 
reliable way the actual strength in rupture of a cold specimen and 
its yield point in impact at room temperature, raised by the 
influence of the notch; then, by introducing a definite ratio by 
which the first value exceeds the second one, we shall be enabled 
to ascertain the minimum tendency for brittle rupture. As long 
as this is not possible, as is generally admitted,“ there is no other 
way in which to proceed but that indicated above: namely, 
determine the whole curve or at least a few of its most character- 
istic points. 

In order to set standard conditions for the test, it is necessary 
to consider the dependence of the temperature of cold rupture on 
the form of the notch, determining the gradient of the stresses 
and, consequently, the degree of progress of the special state of 
stress. Obviously the most severe conditions of the test result 
from using that notch which causes for the same material the 
highest temperature of the critical range; therefore it is desirable 
to base the selection of the standard sample upon a comparison of 
the critical temperatures given by various notches. According 
to a proposal by the author, material is to be prepared in this way 
for standardizing of the impact test at the NATI®™ in Moscow. 


4s P, Goerens, R. Mailinder, Forschungsarbeiten, V.D.I., no. 295, 
p. 18. 
47 R. Greaves, First communication, NIATM, 1930A, p. 225. 
48 R. Moser, Stahl u. Eisen, vol. 43 (1923), p. 935. 
4 F. I. Werkstoffhandbuch, Stahl u. Eisen, 1927, D-1 (F. Fettweis). 
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Under such circumstances, we can be sure that worse conditions 
do not occur in actual service of the structure. 

In stating the concrete requirement as to the position of the 
critical range, there appear to be no difficulties when the interval 
is sharply defined and does not exceed 20 to 40 deg C, as in the 
case of steel of low carbon content. In such cases it is sufficient 
to state that the beginning of the drop in impact ductility shall 
not be lower than 20 to 40 deg C (depending on the temperature 
conditions of the structure); the exact form of the notch will then 
appear as an assurance of a certain amount of ductility. 

More doubt will exist in those cases where the critical range is 
not distinctly defined, having an amplitude of the order of 200- 
300 deg (chrome-nickel steel), the drop in ductility beginning at 
a temperature considerably higher than that of the room (80- 
100 C). Here, obviously, it is not possible to exclude the struc- 
ture from service in the range of initial brittleness. The question 
might easily arise: Is it not necessary to diminish the allowable 
stress in the ratio of the decrease of the impact ductility at the 
temperature of the structure in service as compared with the 
maximum value? Such a procedure, however, would not be 
correct. The experimental data available*! show that a decrease 
in the energy of deformation at a lowering of temperature occurs 
on account of the decrease in extension, and not on account of the 
strength of material, which remains approximately constant; 
therefore, in assuming equal allowable stresses there is no de- 
crease in the factor of safety. Only the degree of ductility drops, 
and if this drop is not large (say, 10 per cent), then it is a matter 
of judgment of the designer whether such a drop is admissible or 
not. A necessary condition for its admissibility is the evidence 
given by the diagram of the test, that the drop in ductility occurs 
in a sufficiently slow manner and that complete brittleness occurs 


only at the lowest temperatures. 7 oe 


Summarizing the considerations already stated, we arrive at 
the following conclusions: 

1 The yield point and tensile strength of a material under 
impact are always higher than those at low-speed tests, the yield 
point rising more rapidly than the strength. 

2 The working conditions of the material under impact are 
less favorable than those under static action of a force. 

3 As far as these two circumstances compensate each other, 
it is recommended that in calculations for impact the same 
allowable working stresses be used as for static conditions, 
employing the data obtained in static tests. (Neglecting, how- 
ever, consideration of the reliability of the calculations.) 

4 The impact test for notched specimens can be used only as a 
check test, approving the use of a material or rejecting it; in 
determining the allowable stresses to employ, however, the 
results of such tests are of no value. a 


6—CoNCLUSIONS 


Discussion 


E. Dituon Smiru.®* There are certain data in the paper that 
seem to offer promise of revealing new truths about impact. 
The author’s symposium is the expression of thought of the 
impact workers of European origin. The writer will try to 
bring out certain thoughts not mentioned by the author, as 
well as to present a critical review of some of the data and ex- 
pressions in the paper. 

Should not the conception of impact be based on the funda- 
mental relation of force? This relation is: 


81 W. Schwinning and K. Matthaes, footnote 26; see also that the 
diagrams of the static tests are the more reliable ones. 

52 Special Instructor, School of Technology, College of the City of 
New York, New York, N. Y. 
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In this, it would seem evident that the force is dependent upon 
the deceleration of the hammer (tup or bullet). An example of 
this idea may be given in the following manner. A common 
hammer is allowed to strike a steel beam. The hammer hits the 
beam with a velocity of 200 ft per sec, the hammer weighing 1.93 
Ib. Further, let us assume that the hammer will come to rest 
within 0.001 sec, which is not at all improbable, and in fact might 
come to rest in a much shorter time. The deceleration of the 
hammer may be a maximum at 200,000 ft per sec per sec. Sub- 
stituting, in [1], we have F = (1.93/32.2) 200,000 = 12,000 lb. 

If the assumption of a shorter time had been taken for the 
hammer to decelerate, it would be evident that this impact force 
is considerably greater than that just given. Further, place the 
force value computed by [1] upon this beam as a static load 
of 12,000 lb. Certainly we can conclude that the effects of the 
impact and the static forces are not the same. 

The rapidity of the application of the force imparted by the 
hammer and the inertia of the beam will produce effects that 
will be varied. The result will be further qualified depending 
on the load being applied at a rate greater or less than the natural 
period of the specimen under observation. 

Taking an average value from Table 1, we learn that a beam 
withstanding an impact loading (how determined, the author 
fails to mention) of 15,583 lb will not fail unless a static load of 
10,000 lb is exceeded. Would not a moment’s thought indicate 
that this condition is not valid for all cases, depending on the 
speed of the application of this 15,583 lb, the inertia, and the 
period of the beam? 

Tables 1 and 2 also have been examined as to the agreement of 
the results secured by the different investigators. Although 
“the numerical results of Table 1 are valid,” that is no indication 
that such numerical results are a correct measure of the specific 
phenomenon being studied. The results shown in this table 
are found to be homogeneous, or within highly significant agree- 
ment, although the author seems to question them. The 
commensurate data of Table 2 are also homogeneous; however, 
there is reason to believe that more data are needed to indicate 
that they are as significant as those data listed in Table 1. 

Figs. 7 and 8 are to be questioned from the standpoint of 
general theory. Especially in Fig. 8, it seems illogical to con- 
nect the upper and lower sections of the dots with vertical lines, 
as is shown. One reason for this disagreement is based upon the 
writer’s Fig. 9 for quartz piezoelectric crystals. (Although, for 
this case, tuned oscillatory circuits are one explanation; but, not- 
withstanding, there is a change due to temperature shift.) The 
ordinate has been translated to a function of impact loading. 
Another reason for the writer’s disagreement to the treatment 
of data in this manner is that most generally reaction and growth 
curves follow some definite law. Fig. 7 follows a natural change 
by a law controlled by a mathematical logistic curve. But, in the 
case of Fig. 8, it would seem that there are two different and dis- 
tinct changes in the state of the boiler plate—that there are two 
growth curves of the logistic type. 

Referring to the two methods of determining impact forces, 
there are certain facts that should be mentioned about the 
schemes. Under class 1 the author mentions that considerable 
error is present when graphic means of double differentiation are 
resorted to for obtaining the acceleration curve from the space- 
time curve. The United States Bureau of Public Roads seems 
to have concluded differently.** But if this is not satisfactory 
enough, why not revert to a translation of the space-time curve 


* Smith, E. B., “Impact Tests of Road Materials, Symposium on 
gue Testing of ee Proc. A.S.T.M., vol. 22, pp. 74-77 
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into a mathematical equation and then take the second deriva- 
tive? At the same time it is possible to compute the error in 
any series or equation by which we wish to express the observed 
condition. The success of this method rests with one’s ability 
to select the relation that most nearly fits the space-time curve 
plotted by the hammer. 

As an example of this mathematical method, assume that 
the space-time curve is a straight line (which it is not—always 
being of second degree or higher, but its trend at certain sec- 
tions can be shown linearly), and let us investigate the error 


Load > 


Tempera ture 


Fie. 9 Errect oF TEMPERATURE ON DaMpEpD OSCILLATIONS IN A 
QuARTZ PIEZOELECTRIC CRYSTAL 


possible, based on the error of the operator in taking the com- 
parator readings from the plotted curve. 
The standard error of the straight line 
f(z) =y = 
becomes 


The partial derivatives are 


of of 


Now since we can take the origin at the middle of the range of the 
curve of z, [a, b}}] = 0. Substituting, we obtain the hyperbola 
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andwhere 


: 
: for our specific case; y being the observed reading and y’ the com- 
7 puted or mean value at that same value of z; n is the total num- 
of readings observed. 
o This can be shown graphically, as given in Fig. 10. Also, the 
results of a parabola, treated similarly, are shown in this same 
Fig. 10. In the case of the example cited, it is noticed that the 
error is the least at the point most concerned in our investigation, 
- the point of maximum acceleration. 
The difference or the tangential method of obtaining the results 
_ graphically seems to be as reliable as any mathematical method, 
» and often better when only a few cases are to be studied; as the 
Straight Line 
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— evaluation of the constants in the mathematical equations is 
- rather a long job. Since a certain fact has been mentioned 

~ about class 1, let us turn attention to class 2. 
In the case of the self-recording dynamometer, the piezoelectric 
cell and the cathode-ray oscillograph device have been described. 
_ The writer does heartily agree that the author has a most ex- 
7 cellent basic set-up for the measurement of impact directly, but 
: he has not carried this idea far enough, nor does it seem that this 
oe _ device will be able to give data on impact when impact forces 
an) delivered by the hammer are above those forces at which the 
7 piezoelectric crystal will rupture. The rupture of the crystal 
; will occur before the rupture of an iron or steel specimen. It is 


interesting to note that reference 34 in Z.V.D.I. uses this same 
idea for tool loads, but the loads are not severe enough to rupture 
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the crystal. Of course, below this point of rupture of the crystal 
possibly excellent data should be secured. 


For quartz crystals we find that 
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where the differential of elongation varies as the change in the 
developed voltage upon its proper faces, being a maximum for the 
x or perpendicular cut. That being the case, the voltage de- 
veloped by the external forces upon the crystal give a direct mea- 
sure of the force applied. This has been shown in Fig. 4 as the 
ordinate. Incidentally, these photos are not those given by 4 
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cathode-ray oscillograph; unless the beam is deflected in only 
one plane and recorded on a passing film, which is not customary. 

It is noticed that these photos are not analyzed in this paper. 
Before they may be analyzed, calibration of the device is neces- 
sary. How does the author propose to calibrate his device? 
May the writer suggest that in reality the author has only one 
fundamental method—that of taking an autographic space- 
time curve of the hammer at the same time the oscillograph 
records the developed voltage from the crystal. But this is 
practicable only for impact forces less than the rupture point of 
the crystal. 

It would seem that ‘“‘an additional ‘coefficient of uncertainty’ ” 
would not be required if the impact research is carried on under a 
proper scientific method and employing its best tools. 

Perhaps it would be interesting to inspect a curve illustrating 
these things. Such a space-time and derived curves are shown 
in Fig. 11. A 34-lb hammer has fallen 3 in. on a 7/s-in. by 7/s-in. 
by 30-in. steel beam to record these data. It will be seen that 
the striking velocity of the hammer was 4.35 ft per sec with a 
maximum deceleration of 512 ft per see per sec, with a deflection 
of a maximum of 0.270 in. Computation gives an impact force 
of 540 lb hitting the beam. In this particular case, a numeri- 
cally equal static force would produce a deflection of approxi- 
mately 20 per cent less. 


R. V. SourHwE.u.** Professor Timoshenko gave an account, 
with illustrative diagrams, of work conducted recently at the 
University of Oxford, England, by Mr. J. H. Lavery in collabora- 
tion with Prof. R. 
V. Southwell. This 
work was based 
upon two underly- 
ing ideas: First, that 
the stress distribu- 
tion imposed by 
tests of the Izod 
and Charpy types 
is too complex to 
be estimated by 
theory, and in- 
volves an undesira- 
bly large amount 
of plastic distortion 
in regions not im- 
mediately adjacent 
to the surface of 
fracture; second, 
that machines 
which employ a 
rigid pendulum can 
transmit waves of 


stress away from the Fie. 124 
machine and to 
“earth,” and ener, 

so transmitted is 80 


rectly) in the esti- 
mated “work of 
fracture.” 2 

The first of these Radius 


contentions is illus- i? 
trated by Figs. 12a 
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and 6, and Fig. 13 shows the specimen and method of loading which 
has been adopted at Oxford. A hardened yoke transmits the blow 
of the hammer to the specimen, which accordingly is subjected to 


accompanied by shear) in the region adjoining the notched sec- 
tion. On account of the large bearing areas, there is little or no 
penetration, and no appreciable plastic distortion is involved, 


“four-point loading,”—i.e., to a uniform bending action (un- 
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except at the actual surface of separation. The specimen can be 
formed entirely in the lathe, since the “notch” is a concentric 
groove, and accordingly it is cheap to manufacture. 

The objection made to machines of the rigid-pendulum type is 
obviated in the Oxford machine by suspending both “hammer” 
and “anvil” on flexible cords so that they can move without rota- 
tion. The blow occurs at the center of gravity of anvil, hammer, 
and specimen, and in a direction perpendicular to the cords; thus 
no energy can escape from the machine, and the energy involved 
in stress waves (which will be of the longitudinal type) is very 
small because the stresses are low. Figs. 14 and 15 illustrate 
the construction of the machine, and Fig. 16 is a photograph of 
the hammer, anvil, and specimen. 

_ Comparative tests were made, using exactly the same shape of 
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figure for the work of fracture is obtained in the Oxford machine, 
ee ee as would be expected if the contention is correct that energy 
to earth has been wrongly included in the Izod 
gures. 
Fie. 17 Pin ‘yea Fig. 18 exhibits the results of 59 tests made on specimens having 
different areas under the notch, but otherwise identical. The 
specimen and method of loading, both in the Oxford machine and _ work of fracture is closely proportional to the area of fracture. 
in a standard Izod machine suitably modified and provided with This result is explained by the concentration of plastic distortion 
devices to permit specially exact measurement. Fig. 17 shows within the material which immediately adjoins the fracture. 
the results obtained with a nickel-chrome-molybdenum steel, in It is thought that the slight rise of the curve (with increasing 
50 tests made from material of a single batch, specimens being area) can be explained, and the results are evidently indicative 
tested in the two machines alternately. The uniformity of the of a satisfactory dimensional law. 
results is thought to be satisfactory, and a consistently lower These 59 tests relate to specimens made with as sharp a notch 
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as possible. On the same diagram are shown (by two crosses) These values are only valid for a simple beam struck at the 
results obtained from specimens made with a notch of 0.01 in. middle, as they depend upon the form of the deflection curve and 
“root radius,” but otherwise similar. It appears that the work _ the velocity of the beam at the load after impact. The formulas 


of fracture is not sensitive to small variations in the “root radius,’ are developed upon the assumption that the shape of the elastic 
so that ordinary errors of workmanship will not have important curve is the same for impact as for static loading. 

consequences. This result is of course important from a practical The breaker was carried upon a frame standing upon four legs, 
standpoint. which were carried upon two floor beams 20 ft long. The length 


of the breaker was 13 ft 4 in. Besides the loading from the 
Mason A. Stone.®* In view of the difficulties in determining _ breaker, the floor beams were designed for the load from a floor 
the stresses occurring under impact which the author discusses in _ panel 6 ft 4 in. wide of 4'/:-in. concrete and a snow load of 25 lb 
section 1 of the paper, his conclusion in section 6, paragraph 1, _ per sq ft. 
which summarizes the figures in Table 1, are very comforting to The value of » for a beam carying two loads equidistant from the 
designers who have to provide for impact. The paper is valu- ends one-sixth the length of the beam was determined to be 0.69. 
able not only for its content but for the bibliography of refer- After trying several sections, a Carnegie 14-in. 85-lb I-beam was 
ences to its subject contained in the footnotes—which the writer _ finally decided upon. 


would have welcomed some five years ago when called upon to The following fiber stresses were obtained: From the dead 

design a two-story outdoor switching station with the oil circuit load of the breaker, 2130 lb per sq in.; from the dead load of 

breakers carried on the upper floor. beam, slab, and snow, 2600 lb per sq in.; from impact, 19,000 
At this time the only discussion of a beam to carry a transverse |b per sq in.; total combined stresses, 23,700 Ib per sq in. 

impact load which he was able to find was in Merriman’s ““Me- The impact stresses in this case amounted to four times those 

chanics of Materials’ (page 335 of the 1906 edition). As the from the quiescent dead and live loads. 

footnotes do not give many references to the subject matter of Inasmuch as these stresses occurred only for an instant, it was 


section 1, either to the dynamic or empirical method, and as the considered justifiable to adopt the practise generally followed 
latter may turn out to be a very poor guess indeed, perhaps an _ in the case of stresses from wind load of adding 50 per cent to 
outline of methods followed and results obtained in the design the allowable fiber stress of 16,000 lb per sq in. 
of a typical floor beam and girder of this switching station may The assumption of a high permissible fiber stress is desirable, 
bein order. It will serve to illustrate the practical advantages in because the usual expedient to deepening the beam to reduce 
the assumption of a high working stress in the design of beams _ stresses does not work out very well in the case of impact. A 
under transverse loading and the dangers of trying to provide _ stiffer beam may result in higher fiber stresses. This was dis- 
for impact by the addition of an arbitrary percentage to the static covered many years ago when the experiment of deepening the 
load. rail section was followed by an increase in the number of broken 
The manufacturers of the circuit breakers advised us to pro-_ rails in service. In designing beams for impact, therefore, 
vide for an impact load from the operation of the breakers under flexibility rather than stiffness is desirable. This may be ob- 
a short circuit equal to that which would result from the fall of | tained by the use of cover plates so applied that the fiber stresses 
twice the weight of the breaker (exclusive of the frame) through are approximately constant throughout the length of the beam, 
2in. This weight was 17,900lb. Obviously, a blow of 6000 ft-lb as a beam of uniform cross-section may have twice the stiffness of 
on a floor system made up of beams of 20-ft span (necessitated by a beam of cross-section varied so that the fiber stress is constant 
clearances) was not to be taken care of by this addition of ‘25 throughout. 
per cent for impact.” This may be illustrated by the design of the girders into which 
For a simple beam struck in the middle by a falling load P, the floor beams framed. A 24-in. 110-Ib Carnegie I-beam 23 ft 
Merriman derives the formula for the resulting maximum fiber 0 in. long was first tried, which gave a stress from impact alone 


stress. 7’: of 25,200 Ib per sq in. The girder finally decided upon was 
T =S+S(1 + 2nh/f)'” ---—- composed of a 18-in. 86-lb Carnegie I-beam and two 12-in. by 
an a 3/s-in. cover plates 11 ft 6 in. long and two 12-in. by */s-in. cover 
where S = maximum fiber stress from static load ’ plates 5 ft 9 in. long. 
h = height through which load falls ema, cll This resulted in a dead and live load stress of 5360 lb per sq 
ff = deflection, caused by static load > = hy-agey ‘in. and 15,500 lb per sq in. from impact, or 20,860 Ib per sq in. 
n = the inertia coefficient. = for the combined stresses. Of course the determination of 7 
The value of » for a beam with a concentrated impact load at for such a built-up section with a variation in the moment of 
the center is shown to be Lowes inertia is somewhat troublesome. 
—— a The explanation of the action of the boiler plates as shown in 
+ Ww W/P > Figs. 7 and 8 was interesting. This phenomenon is well under- 
Saad = 35 gh. bs stood by boiler makers, as a plate which is being flanged goes 
we ws, 5 . => ~*~ through a temperature range, which is known to the smiths as a 
oa 1+ 8 W/P “blue heat”’ from the color of the oxide formed on the surface of 
; ; ; Sa 8a the metal, at which the plate cannot be worked because of brittle- 
in which W = weight of beam ay pan ee ness, although ductile above and below this range. 
P = weight of falling body. oe _ _ This may be of interest to the designers of power-plant piping 
$6 147 ioe Place, Staten Island, New York N. Y. 2 if superheat temperatures continue to increase. 
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and is given by the formula: 


i _ Laboratory, California Institute of Technology. Mem. A.S.M.E. 


a round thin-walled tube at which the walls become 
unstable and buckling occurs. 


A THEORETICAL solution is developed for the torsion on 


critical shear stress, assumed uniformly distributed 
Young’s modulus and Poisson’s ratio (0.3 for engineer- 
ing metals) 

length, wall thickness, and diameter of the tube 


1? 1 Pt 


V1 — 


& 

ll 


~ critical stress, for short and moderately long tubes, is given 


by the formulas: 
4.6 + V7.8 + 1.67 H’? (clamped edges) 


A= 4. 8 + 167 (el 
A =28 + + 1.40 (hinged edges) 


o 7 is assumed that end cross-sections of the tube remain circular 


and plane, that “clamped” edges are held perpendicular to these 
cross-sections, while “hinged”? edges are free to change their 
- angle with the cross-sections. It is found to be immaterial 
whether or not the ends of the tube are free to move as a whole. 
The buckling deformation is found to consist of a number of 
_ circumferential waves which spiral around the tube from one 
end to the other. For tubes of ordinary length-diameter ratios, 
with clamped edges, the number of waves n and their spiral 
angle near the middle of the tube @ are approximately n =2.6 J ~'/s, 


= 1.5 J /‘ rad. If J > 8, that is for long, slim tubes, n ‘is 


7 always 2, and the critical stress is nearly independent of the edge 

A = 0.77 (l/d)VH, 
which is nearly the same as a formula found by E. Schwerin in 
1924. 

_ To check these theoretical results the author has made more 
than fifty experiments; in addition, the results of fifty or sixty 
_ more experiments have been published by the N.A.C.A. and 
others. All available tests give values for the failure stress 


_ somewhat lower than the values for critical stress predicted by 


1 Abstract of paper presented at the Semi-Annual Meeting, 
Chicago, Ill, June 26 to July 1, 1933, of THe American Society or 
MeEcHANICAL ENGINEERS. The complete paper is published by the 
National Advisory Committee for Aeronautics as Report No. 479. 
2?In charge of Structures Laboratory, Guggenheim Aeronautical 
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Stability of Thin-Walled Tubes Under 


By L. H. DONNELL,? PASADENA, CALIF. 


the foregoing formulas. The experimental values average about 
0.75 of the theoretical, with a minimum about 0.60 of the theo- 
retical. These relations hold consistently over an enormous 
range of sizes, proportions, and materials. The form of the 
buckling deflection, as measured by the number and angle of the 
waves, is found to check closely with that predicted by the theory. 
It is therefore reasonable to suppose that the discrepancy between 
the theoretical and experimental stress is due chiefly to initial 
eccentricities and other defects unavoidable in an actual tube, 
as well as to the fact that all tests were performed with “clamped” 
edges, while it is well known that a perfect clamped edge is 
impossible to attain. By multiplying the foregoing expressions 
for A by the factor 0.75 or 0.60, we can obtain expressions for the 
average and minimum resistance to buckling to be expected from 
an actual tube. 

In developing the theory, the assumptions are made that the 
material obeys Hooke’s law, that the tube is exactly cylindrical, 
that the thickness is small compared to the radius (as it must be 
if buckling is to occur before failure of any available material), 
and that the deflections are small compared to the thickness. 
With these assumptions, the differential equations of equilibrium 


are derived in the following form: a 

2 O88 

where V2? = — ro and s are axial and circumferential 


coordinates, and u, v, and w are axial, circumferential, and 
radial components of displacement, respectively. These equa- 
tions are much simpler than those usually given, chiefly because 
many of the items commonly taken into consideration are of 
negligible importance for this and many other cases, as is shown 
in the complete paper. 

The solution obtained is an exact solution of these equations 
of equilibrium and of complete boundary conditions, for the two 
extreme cases when the length-diameter ratio is zero and infinite 
and is a good approximation for intermediate cases. 
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This paper gives a stress analysis for rotating segments 
of lashed blades under a given load. By using difference 
calculus, results were obtained, which apply to any blade 
out of any number of blades. 


WING to steam forces and to cen- 
() trifugal force, the turbine blades 

are often highly stressed; more- 
over, they may be subject to vibration. 
In order to relieve these blades, it has 
become customary to connect them in 
groups with lashing wires, shrouding strips, 
or similar reinforcements. These con- 
structions stiffen the blades, and also pro- 
vide damping in case of vibration. 

This paper is intended as a first attempt 
to investigate the behavior of such rotat- 
ing groups of lashed blades. 

The steam load and the centrifugal force on the blades may be 
assumed to be known, but the magnitude of the vibration stresses 
(which can be predominant) depends on the impulses and the 
damping and can be determined only by tests. 

We will limit ourselves here by assuming definite forces, 
equal on all the blades of the group. It will be shown that the 
effect of these forces is not at all equal on the individual blades 
of the segment; the stresses vary in a characteristic oscillating 
manner. 

The difference calculus,? which was developed to study groups 
of similar objects and which has proved to be extremely useful 
in dealing with civil-engineering problems such as bars on many 
supports, built-up beams, bridges, platforms on columns, etc., 
can also be successfully applied to the case of lashed blades. 

Before going into detail analysis, it might be worth while to 
give a summarized physical description of the results obtained 
in this paper. For simplicity we have taken blades of constant 
cross-section connected with one lashing wire at the tip. Fur- 
thermore, we assumed the load and the wire to be in the same 
plane as the maximum axis of inertia of cross-section of the 
blades. Without any mathematics, it can immediately be seen 
that the load, which is equally divided over all the blades of the 
group, will not impose the same stresses on all the blades; the 
two end blades are only supported by the lashing wire on one 
side of the blades; all the other blades are supported on both 
sides. 


1 Experimental Engineer, Westinghouse Elec. & Mfg. Co. Jun. 
A.S.M.E. Mr. Kroon received his technical education at the Poly- 
technicum of Ziirich, Switzerland, from which he was graduated in 
1929. In 1931, he became connected with the Westinghouse com- 
pany, went through the design school for mechanical engineers, and 
has since been in the experimental division of the South Philadelphia 
Works under Mr. Ormondroyd. Working mainly on problems in 
dynamics and stress analysis, he is studying the behavior of turbine 
blades theoretically and experimentally. 

2 See Bleich-Melan, ‘‘Die Gewédhnlichen und partiellen Differen- 
zengleichungen der Baustatik,’’ Springer, Berlin, 1927. 

Contributed by the Applied Mechanics Division and presented at 
the Semi-Annual Meeting, Chicago, IIll., June 26 to July 1, 1933, of 
Tue AmMpRICAN OF MECHANICAL ENGiNEBRS. 

Nots: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


on Turbine-Blade Stresses 


R. P. KROON,' SOUTH PHILADELPHIA, PA. 


Influence of Lashing and Centrifugal Force — 


Assume, for example, a very flexible lashing wire. Then the 
deflection of all the blades, and especially the angle of rotation 
at the tip, will be practically the same for all blades. There- 
fore the stresses in the wire will be the same in all the sections. 
This, however, means that the bending moment at the tip of the 
end blades is only half as great as the moment at the tip of all 
the other blades. 

The opposite effect enters for an extremely thick wire. Here 
the angle of rotation at all the blade tips must necessarily be 
zero, the bending moments at the tips of all blades are equal, 
but the lashing wire is much more stressed just beside the end 
blades than in any other place. 

Using difference calculus, it is possible to find the deflection 
and the bending moments for any blade out of a group of any 
number of blades of any dimensions. 

Results for a segment of six blades under stationary lateral 
load are shown in Figs. 6, 7, and 18a. The bending moments 
are plotted as a function of a dimensionless quantity \. In this 
way these curves obtain universal value for all the dimensions 
of blade and wire which we might wish to choose (for notation 
see list at end of paper). In order to find the value of any bend- 
ing moment shown in these figures, it is necessary to multiply 
the numerical value, given on the ordinate axis, with IsEs¢o/l. 
As ¢o is the angle of rotation which would exist at the blade tip 
for the same loading without lashing wire, [xHego/l can be looked 
upon as a “fundamental bending moment.” 

The maximum stress reduction which can be achieved by a 
single lashing wire is 33.3 per cent for uniformly distributed 
load and 50 per cent for a load concentrated at the tip. 

The centrifugal force, apart from producing tensile stresses in the 
blades, plays an important role in reducing the bending stresses 
set up by the steam load as it tends to bend the blades back in 
their neutral position. A differential equation can be derived 
for the general case of blades with variable cross-section. Cor- 
rection factors, taking into account the effect of the centrifugal 
force on single blades with various kinds of loading, may be found 
in Figs. 9, 10, and 11. They are given in function of k, which is 
a dimensionless parameter, proportional with the centrifugal 
force (see list of notations). The effect of the centrifugal force 
on bending stresses in long tapered low-pressure blades is enor- 
mous; it was found that a bending moment 1, applied at the tip 
of a40-in. blade, produces a bending moment of only '/3 at the base. 

The effect of centrifugal force on laterally loaded blades, 
lashed together in a segment, is shown in Figs. 12, 13, 14, and 
18b. The maximum values of the bending moments in the group 
are given. 

Another problem dealt with is the effect of the centrifugal force 
on the wire (no load on blades). The resulting forces and bend- 
ing moments are shown in Figs. 15, 16, 17, and 18c. These 
values can again be slightly corrected by taking into account the 
centrifugal force acting on the blades. 

The final picture of the stress distribution over a group of rotary 
blades under lateral load is obtained by superposition; a specific 
example is shown in Fig. 18d. 


1—LasHINn@e oN Srationary Buiapes Wits Lateran Loap 


As a first problem, let us investigate the influence of lashing 
on a group of stationary blades with steady load. 
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i ad Furthermore, equilibrium conditions give: 
M,” = M,, M;’ = M,, M2’ + M2" = 
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(a) Segment of Three Blades; No Centrifugal Force. As the 
most elementary interesting case take a group of three blades, 
equally loaded by lateral forces. At the point of intersection 
of blade and lashing wire we will assume all possible moments 
and forces (Figs. 1 and 2). 

Using the notation listed at the end of this paper, we have for 
symmetry reasons: 


Gi = $3; M, = M,’ = M;’, = 
Si = Ss, T; = —T,, = 0 


yLashing Wire 


Fig. Reaction Forces on LoapepD SEGMENT 
> 


—T,t* = M, + (M;/2) 


Si +8: +8; =0 


This simplifies the picture of the reaction forces on the lashing 
wire to what is shown in Fig. 3. 

The deformations can now be expressed as functions of the 
moments and forces. Tension, compression, and shear deforma- 
tions are neglected. Using simple beam formulas,* we have 
for the lashing wire: 


1 
{1] 
| Mit*? 9 
“121. 2 1 4 [ ] 


— 


Timoshenko and Lessells, ‘Applied Elasticity,” p. 74. 
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The angle of deflection which would exist at the blade tip for the 
same loading without a lashing wire will be designated as ¢o. 
Then, for the lashed group: 


| 


2 


As the elongation of the lashing wire may be neglected compared 
with the deformations caused by bending, the tip deflection of 
each blade has to be the same: 


l 
(M, + S,l/2) (3] 


Fs Mi Si 2 Sil 


The Equations [1], [2], [3], [4], and [5] are sufficient to de- 
termine the quantities M,, Me, Si, ¢1, and 


‘Putting A= we find: 


S,l = — Sl = 
M+O4+6 1 M+O+6 1 
Benes 


The factor J»Eogo/l is a bending moment, depending on the 
distribution of the load and on the length of the blade only. 


Fic. 3 Group of THREE Biapes; ReEacTIONS ON LASHING 

The A is a dimensionless quantity, inherent with this problem. 
It takes into account the ratio of the flexibilities of blade and 
wire. By plotting the curves for moments, forces, tip angles, 
etc., as a function of \, these curves obtain universal value for 
all the dimensions of blade and wire we might wish to choose. \ = 
0 means a 100 per cent stiff wire; \ = © represents an infinitely 
thin wire. 

The stress distribution along the lashing wire does not depend 
on the way in which the blades are loaded (all quantities contain 

As Fig. 4 shows, the bending moment at the tip has for an in- 
finitely stiff wire the same value for inner and outer blades; with 
a very thin wire the inner blade tip carries twice the stress of the 
outer ones. A 100 per cent stiff lashing wire gives at the outer 
blades a lashing-wire stress twice as high as at the inner blades. 
Decreasing the wire diameter within the practical range (up to 
\ = 23.4) increases the bending stress in the wire. 

As can be seen from this simple example, there are for a group 
of three blades already 13 quantities involved—namely, two 
bending moments, two forces, and one angle at the tip of the mid- 
dle blade, and one bending moment, two forces, and one angle 
at the tip of each end blade. By using conditions of symmetry 
and equilibrium, these 13 quantities could be reduced to 5, but 
still it is obvious that to analyze in this way a group of six or 
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more blades with 28 or more variables is a somewhat burden- 
some task. 

It is for work of this kind that the difference calculus has 
proved to be very effective. In contrast to differential calculus 
it studies the changes of functions for finite constant increments 
of the variables. Applied to our case, it makes it possible to ob- 
tain stresses and deflections for any blade out of a group of any 
number of blades. 

(b) Any Number of Blades; No Centrifugal Force. Suppose 
we have n blades and consider the i blade and its neighbors 
(Fig. 5). Again using simple beam formulas, we find for the 
deformation of the lashing wire between the i” and the (i + 1)" 
blade: 


_ 21 Eat 


+ gir 1) 


Also, the i and the (¢ — 1)" blade: 


12 
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Fic. 4 BeNDING MOMENTS AND SHEARING ForcES ON A SEGMENT 
or THREE Biapges; LaTerat Loap ONLY 


The tip deflection of all blades is the same, and we can write: 


Mil? 
= 


where C is a constant yet to be determined. 
The tip angle of blade number 7 is then: 


Mil Sit _ 3 Mil (3"] 
For equilibrium of the connecting point of blade and wire we 
have the condition: 
—M;’— Mi’ + Mc =0.............. [4’] 
This set of equations leads to: 
+ (4 + + Gi+1 = 


Equation [6] establishes a relation between the values of the 
function g at adjacent points with definite intervals; such a 
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relation is called a “difference equation.” There are many types 
of these equations, and for some of these the solutions are known. 


Equation [6] is a “linear’’ difference equation, and the solution 
can be proved to be: 


— 
¢ + 6 + 2A 


where 8 = —(A + 2) + (A? + 44 + 3) = small negative 
number. A and B are constants which have yet to be found. 


é 


¢n +1 — i, 80 that [6’] becomes: 


6 + 2A 


Fie. 5 Turee Biapes or a LarGer Group 


For symmetry reasons: gi = 


The constants A and C are determined by the end condition 


= 0 (2 + + = 3C) 


(compare [4’] and [6]), and by the condition of equilibrium for 
the wire: 


ti=n 


i= 1 


Thus, after neglecting nig ssa of 8 we finally arrive at 
the formulas: 


2 + 2r 
3 
we 
Tip bending moment: = 
Bending moment in wire left of blade: 


WD B) 


seo 
ADI 


t 
, which, in view of [5’] and [3’], can also be written: : TT Se 
2c — i) = 0 
wt 


Bending moment in wire right of blade: —— oe 

+ 2 + 2d + 8B) 


Lateral force on tip: 


* veo Cr 4 3" = 


) 
n(l — 8B) 
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Fic. 6 Brnping¥Moments aNpD Forces ON A SEGMENT OF SIx 


Buapes; LatTeraL Loap ONLY 
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Fie. 7 Root BenpING MoMENTs FoR A Group or Srx BLADES 
UnpEeR UNIFORMLY DistrisuTep Loap 


For notation see list at the end of this paper. 
Calculations were made for a segment of six blades, and the 
_ results are shown in Figs. 6 and 7. 

As may be concluded from the curves, the highest stress in the 
lashing wire is just beside the first and the last blade. 

The second and the fifth blades have the greatest bending 
moment at the tip as well as at the root. 

The weaker the lashing wire, the more variation between the 
values of the bending moments on the blades; the stronger the 
wire, the more difference between the values of the stresses in the 
wire sections. At the end blades the lashing wire and the blade 
tip carry the same bending moment. The bending stress at the 
root of the blade is for uniformly distributed load at least two 
times as high as the stress at the blade tip. 

The maximum stress reduction which can be achieved by in- 
troducing a single lashing wire is 33.3 per cent for uniformly dis- 
tributed load, and 50 per cent for a single we at each blade 
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It was found that although the stresses in the individual blades 
vary a great deal, the deflections are almost identical for all the 
blades of the group. This suggested that under vibration the 
stress distribution around the lashing wire would be almost the 
same as under steady load. 

E. Schwerin‘ studied the vibration of single lashed blades. 
A comparison between his calculations and these shows that the 
stress distribution during vibration (first mode) can be simulated 
by steady load so closely that the difference is only about 1 per 
cent. This is of great value for experimental work (Table 1). 


ABLE 1 COMPARISON BETWEEN THE STRESSES SET UP 


DURING VIBRATION AND THOSE PRODUCED BY STE ADY LOAD 


(The table gives ratios between individual values and value for center 
blades A = 0.4. n = total number of blades = 20. i = number of in- 


dividual blade) 
i vibrating steady vibrating steady vibrating steady 
1 0.852 0.845 1.704 1.690 
2 1.033 1.034 1.221 1.218 0.844 0.850 
3 0.994 0.993 0.952 0.952 1.035 1.033 
4 1.002 1.002 1.010 1.013 0.994 0.991 
5 0.999 0.999 0.997 0.997 1.002 1.002 
6-10 1 l 1 


2—Tue INFLUENCE OF CENTRIFUGAL ForcE ON BLADES WITH 
LATERAL Loap 


The centrifugal force reduces the deflection and the bending 
stress of radial beams with lateral load. Consider the case where 
a blade of variable cross-section but not “twisted” (the unbent 
axis of the blade being a radial line), is loaded by all kinds of 
bending forces, which are supposed to act in one of the princi- 
pal planes of cross-section. When ¢ is the variable distance from 
the tip, we may have bending moments Mg, lateral forces Sz, 
distributed load g¢, and centrifugal load pe (per unit length). 
At a distance z from the tip, the variable moment of inertia will 
be called J, and the deflection y. (Fig. 8). The direction of the 
centrifugal force is taken parallel to the axis of the blade. 

Assuming the simple beam theory to be correct, the bending 


moment at x will be: 
+5e—o} 


Differentiating with respect to z, we get: 


peat + > 


0 


which is nothing else than the expression for the shearing force 
at x, consisting of a part 


t=0 

due to lateral load and a component ee 

dys _ We 


a4 4 Zeitschrift far Technische Physik, no. 8, 1927. 
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from the centrifugal force. We write: —— 
dM dl. dyz 
+ — Q: + P: (7] 


dyz 
or putting = = v, this becomes: 


Numerical and graphical methods exist for the solution of these 
simultaneous equations. As they are linear, it follows that the 
principle of superposition may be applied; during rotation the 
stresses (deflections) caused by several lateral forces can be found 
by considering each force alone and superimposing the obtained 
stresses (deflections). 

Application to Constant Section Blades. In this case J; = 
7» = constant, and p, will also be taken as a constant p. We 
will furthermore restrict ourselves to a uniformly distributed 
load q per unit length, a shearing force S, and a bending moment 


Force ON BLADE 


Fig. 8 INFLUENCE OF CENTRIFUGAL 


M. S and M are acting at the blade tip. 
Equation {7}: 


We have, then, for 


= ge + 8 + 


or when we g + p us 
d 


dx 
p dz? 


seated —— = a‘ and introducing - = z, this reduces to 
a 


The exact solution of [8] leads to a cylinder function of the 
1/; order, but by means of a power series the equation can be 
easily solved. This is carried out in the Appendix. 

As a result, ratios between the bending stress (deflection) dur- 
ing rotation and the stress (deflection) when standing still have 
been established. Fig. 9 shows these ratios for a distributed 
load, Fig. 10 shows curves for a bending moment at the tip, and 
Fig. 11 gives curves for a shearing force at the tip. 

The ratios are plotted as function of a dimensionless variable 


3 
k= } 2d and are universal for all blade dimensions. 


TE» 
In practise, values of k up to 3 and higher are common, and 
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Fic. 9 Correction Facrors, Takine Into Accoun?t THE EFrrecr 
oF CENTRIFUGAL Force ON A BLADE WITH UNIFORMLY DISTRIBUTED 
Loapb 


1.0 
Tip a agies 
- for lip deflections 
w- for Root Benaing Stresses 
oN 
j 
0 2 4 8 10 2 lo 
— 
Fig. 10 Correction Factors, TAKING INTO ACCOUNT THE EFFECT 


OF CENTRIFUGAL Force ON A BLADE WITH A BENDING MOMENT a? 
THE TIP 


p- for Tip Angles 
o- for lip Detlections 
- for Root Bending Stresses 
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Fig. 11 Correction Factors, Takine Into Account THE EFFEC? 
OF CENTRIFUGAL ForcE ON A BLADE WITH A LATERAL FORCE AT THE 
Tip 


the reduction in bending stress may amount to 25 per cent or 
more for ordinary constant section blades. 


3—LasHeD UNpER Loap; CENTRIFUGAL 


Force on Biapes ONLY 


Under Section 1 the influence of lashing on stationary blades 
was investigated, and under Section 2 we developed correction 
factors taking into account the effect of centrifugal force on blades 
with various kinds of leading. With these preliminaries, it is 
possible to compute stresses and deflections of centrifugally and 
laterally loaded lashed blades. Calculations were made for a 
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Fie. 12 GREATEST VALUE OF THE BENDING MOMENT IN THE LASH- 
ING WIRE FOR DIFFERENT VALUES OF THE CENTRIFUGAL FORCE 
(AcTING ON THE BLADE ONLy) 
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Fie. 13 Maximum VALUE OF THE BENDING MOMENT AT THE BLADE 
Tip FoR SEVERAL VALUES OF THE CENTRIFUGAL Forcr (ACTING ON 
THE BLapEs ONLy) 
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Fie. 14 Greatest VALUE OF THE BENDING MOMENT AT THE 
Root For DIFFERENT VALUES OF THE CENTRIFUGAL Force (ACTING 
ON THE BLADE ONLY); UNIFORMLY DISTRIBUTED STEAM LOAD 


segment of six blades, and the maximum bending moment in 
blades and wire was plotted as a function of the “ratio of flexi- 
bility” » (Figs. 12, 13, and 14). This was done for different 
values of the factor k, which is directly proportional to the 
centrifugal force. 


4—CernTRIFUGAL Force AcTING ON THE WIRE ONLY; THE 
Biapes ArE Nor LoapEp 


The case can again be worked out by difference calculus, and 
the results apply to any particular blade out of a segment of any 
number of blades. We have the difference equation: 
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gi-1 + (4+ + = 0 


Observing boundary conditions and neglecting high powers of 
B leads to: 
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Fie. 16 Moments oN Biapp Ties Dug To CENTRIFUGAL 
on LasHInG WIRE 
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Fic. 17 Brnpina MoMEnNTsS IN LasHING Dus TO CENTRIFUGAL 
on Wines 
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N “Moment on Wire 


-- Moment 
on Blade 


Fig. 18 BENDING MOMENTS FOR BLADES AND WIRE 


(a, lateral load only; 6, lateral load and centrifugal force on blades; ¢, centrifugal force on blades and wire; d, lateral load on blades, centrifugal 
force on blades and wire. Scale for moments on blades = 5 X scale for moments on wire.) 


xzléi=n:T = p*t*\|- 
1 n Pp 40 + 28) ) 


These values are plotted again as a function of \ for a group of 
six blades (Figs. 15, 16, and 17). The bending stresses set up 
in the wire by centrifugal force are considerable for high speeds 
and large blade pitch. 


5—CeEnNTRIFUGAL Force ON LASHING WIRE AND BiapEs; No 
LATERAL LOAD ON BLADES 


In Section 4 we gave results obtained for centrifugal force 
acting on the lashing wire only. It can be shown that the 


influence of centrifugal force on the blade can easily be taken into ke 
account by replacing \ by A* = where yu, p, and 
4u — F 
J 


are correcting factors shown in Figs. 10 and 11. The value of 
8 in the expressions corresponds now also to A* and not to X. 
With these modifications, the formulas developed in Section 4 
may readily be used except for the bending moment M,* at the 
root, which is now: 


6—FinaL DISTRIBUTION 


Actually, blades and lashing wire are subject to centrifugal 
forces and there is a steam load on the blade. 

To give a complete picture of the distribution of the bending 
stresses, we have to superimpose the cases of Sections 3 and 5. 


Fig. 19 MrasuriING DEFLECTION AND Tip ANGLES 


(Curvature instrument also shown.) 
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» of example was worked out with the values: 


p*t*? IE go 


= 1.84 k = 10 


= 20 lb-in. = 50 lb-in. 


Fig. 18 illustrates the distribution of the bending moments 
along wire and blades for the following cases: 


Fie. 22 Mopet or SeGMeNT WITH PERMANENT SET 


Fie. 21 Curvature INstruMENT CLAMP 


(a) Blades under uniformly distributed load. No centrifu- 
gal force 

(b) Blades under lateral load. Centrifugal force on blades 
only 

(c) Centrifugal force on blades and wire. No lateral load 


centrifugal force. This figure is obtained by a super- AND Stresses Wits CurRvATURE INSTRUMENT _ 


position of (6) and (ec) om 


AS 
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Tests 


The necessity was felt to check these purely theoretical com- 
putations with model tests. A photograph of the set-up is 
shown in Fig. 19. There was used a group of steel strips welded 
on a massive block. Two sizes of lashing wire were tested. The 
load was applied by pulling the wire; this gives the same force 
at the tip of each blade (considering bending deformations only). 
The test data checked nicely with the theoretical values, the 
maximum discrepancy being 7 per cent for the stresses and 5 per 
cent for the deflection at the lashing wire. 

On model tests of this size there is often no room for standard 
tensometers. A small simple instrument, based on measuring the 
change in curvature, has rendered very good services in our case 
and may be worth while to be described (Figs. 20 and 21). 
Three steel balls are fitted into a small triangular plate and 
pressed against the test specimen (in our case an ordinary steel 
strip). Rigidly connected to the plate is a dial indicator provided 
with a small ball which rests against the specimen. The indica- 
tor follows every change in curvature of the strip, and the 


readings on the dial are directly proportional to the bending 


stress. 


ment. For tests which require only a short time, the triangular 
plate can be pressed by hand against the test piece; otherwise 
a clamping arrangement, like the one shown in Figs. 20 and 21, 
can be used. The clamp must have a flexible part, as it may not 
have a stiffening effect on the specimen. For this purpose 
we used a small rubber gasket. 

Fig. 22 shows a model where permanent set is produced by 
pulling in the direction of the lashing wire. It is interesting to 
note how the end blades deflect differently from the others. 
Yielding is (according to the theory) produced in the wire next 
to the end blades, but practically not next to the middle blades. 
The middle blades have yielded at the tip, where the end blades 
remain straight. 

Fig. 23 shows a more elaborate set-up used to measure stresses 
and deflections in a blade segment. The block with the strips 
is clamped against a vertical plate, and the load is applied at the 
lashing wire by adjusting a screw, which varies the distance 
between the lashing wire and the platform of a scale. The load 
is read directly on the scale. The angles of deflection are mea- 
sured by a telescopic arrangement, a small mirror being fixed on 
the blades. 
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Appendix 


THE INFLUENCE OF CENTRIFUGAL FORCE ON SINGLE > 


BLADES WITH UNIFORMLY DISTRIBUTED LOAD gq, TIP 
MOMENT M, AND TIP FORCE S 


In the text we derived for constant section blades: 


d 
whereu = + 


We put: 


u= + + > 2 


Ai 


Equation [8] is satisfied when: Ait+ti = 


B Be C Cn 
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Two conical points are used to fix the location of the instru- : 


(3 + 2)(3¢ + 
where necessarily 
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Thus we find, observing boundary conditions: a” 
} 


(1) Considering a uniformly distributed load q alone ( M = S = 0) 

At the blade (x = the angle of rotation dyr/dz 1s zero, thus u=q@q 

{1+ sg where k= = 

directly proportional to the centrifugal force. This determines Ao = 


= Ao 


2 
dz 
2x3 2x3x5x6°"" 


Expressions can now be derived for the deflection, the angle of rotation, and 
the bending moment at any point z. Weare particularly interested in the 
maximum deflection y and angle dyz/dz (at the tip) and the maximum bend- 
ing moment JE p(d*yz/dz?) (at the root). We find: 


Maximum deflection y = 
4k 4k? 

al! (1 + 3X5 


k 
(1+ 


= § -— 
Maximum angle of rotation y’ = 


k 


k 
(1+ oxy 
q 


Maximum bending moment IsEpy” = 


k2 
3xX5X6xX8 


k 


( 2X3 


Noting that for stationary blades and the same load = a ares the maximum 
3 
deflection yo, — ar, is the tip angle yo’, and @ 4 is the maximum bending 
moment bye”, we can write: 
y = dyo, y’ = eyo’, IoEoy” = yIvE 


where 4, ¢, and y are correction factors taking into account the effect of 
centrifugal force. These factors are functions of k only (Fig. 9). 

(2) ‘onsidering a bending moment M (on the tip) alone. 

In a similar way as was done for a distributed load, correction 
factors can be found which take into account the influence of the centrifugal 
force. 

We may write: 

For tip deflections: y = pyo (yo = without centrifugal force) 

For tip angles: y’ = uyo’ (yo’ = without centrifugal orce) 

root bending moments: = wl bE byo” without centrifugal 
orce) 


4x5 4x5x7x8 
where p 
1+ 


3x4 xax6x7 
2x3 
+ 


p, uw, » are plotted as a function of k in Fig. 10. 
(3) _ Considering the lateral force S on the tip alone. 
Again we introduce correction factors for the centrifugal force: 


Tip deflections: y = oy et 


Tip angles: y’ = pyo’ 
Root bending moments: JsEsy” = rIsEbyo” 
k 
 whereo = 
+ 


fal ~ 
& 
© 
ar 
a“ 
malt 
= 
€ 
a 
= uz 8 
‘ 
Ba 


k2 
ax5x7xX8 

kz 
k 
ax6 
t+ 


1+ 


Curves for ¢, p, and 7 are shown in Fig. 11. 


LIST OF NOTATIONS 


length of blade (in.) : 
variable distance from tip (in.) 

itch on lashing wire diameter (in.) 

ength of lashing wire between two blades (in.) 
minimum moment of inertia of blade (in.*‘) . 
modulus of np | of blade material (lb per sq in.) 
moment of inertia of lashing wire (in.*) R 
modulus of elasticity of lashing material (lb per sq in.) 


I.E. ratio of flexibility 


—(A.+ 2) + V (A? + 4d + 3) 
number of blades 


22 + 26 + 24 12 +A 6 
Br + 3 n(1 — 
= distributed lateral load on blade (Ib per in.) 
= centrifugal load per unit length on blade (lb per in.) 
p* = centrifugal load per unit length on wire (Ib per in.) 
M (M1, M2, Mi) = ~ (ist, 2d, ith blade) (lb-in.) on 
ade tip 
M’, (Mi’, M2’, Mi’) = bending moment in lashing wire for a cross-section 
just to the left of the Ist, 2d, ith blade (Ib-in.) 
M”* (Mi", M2”, Mi”) = bending moment in lashing wire for a cross-section 
just to the right of the Ist, 2d, ith blade 
in. 
M* (Mi*, M2*, Mi*) = -— - a at blade root (lst, 2d, ith blade 
(ib-in. 
S (Si, S2, Si) lateral shearing force at tip (Ib) = 
T (71, T2, Ti) vertical force on tip (lb) 
angle of deflection at tip (radians) — 
lateral deflection (in.) 
angle of deflection at tip without lashing wire 


( alsEo for uniformly distributed load) 
bending moment at root without lashing wire 
(Ib-in.) 
1g 
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The Effect of Openings in Pressure Vessels 


By J. HALL TAYLOR,'! CHICAGO, ILL., ann EVERETT O. WATERS,? NEW HAVEN, CONN. _ 

Openings in pressure vessels, either reinforced or unre- fourteen openings with nozzles attached. There are many 
inforced, have presented to the engineering profession a___local conditions that have a great effect on results. The 
difficult problem, and outside of a few isolated tests there tests as a whole indicate (1) the necessity of reinforcing all 


appears to be little information available to the designing 
engineer. The authors set out in June, 1930, to establish 
by tests the stress relations existing about unreinforced 
holes, and in addition to determine the reinforcing effect 
of nozzles and other outlets of the type generally used for 
attachments to pressure vessels, and to make this informa- 
tion available to the engineering profession. Three com- 
mercial-sized pressure vessels were constructed, and read- 
ings were obtained on ten unreinforced openings and on 


T IS common knowledge that, when 

metal is removed from the walls of 

pressure vessels in order to provide 
structural connections, passages for the 
flow of fluids, or access to the interior, an 
inevitable weakening results. If the hole 
is small—say, of the order of a rivet diame- 
ter in size—it has been standard prac- 
tice either to neglect this effect altogether, 
if the hole is isolated, or if it is one of a 
series, as in a riveted seam, to take ac- 
count of it by reducing the nominal 
strength of the vessel in proportion to 
the area of the metal removed, as mea- 
sured on a critical cross-section. For larger openings, the prac- 
tise has been to fasten a reinforcing pad to the vessel at the 
point where it is weakened, whose cross-sectional area, in the 
simplest cases, is made equal to that of the metal removed. 
For other cases, rules have been formulated and accepted with 
more or less unanimity by the trade, based partly on experience 
and partly on a simple, easily intelligible analysis of the supposed 
conditions of critical stress that exist in the neighborhood of the 


E. O. Waters 


1 President of Taylor Forge and Pipe Works. Mem. A.S.M.E. 
J. Hall Taylor studied engineering at Lewis Institute, Chicago. In 
1900, he organized the American Spiral Pipe Works. He later de- 
signed and developed various types of seamless forged-steel nozzles, 
manways, and welding necks for pressure vessels. In 1925 to 1927, 
his research work on stresses in forged-steel flanges led to the develop- 
ment of the Taylor-Waters formula for stresses in pipe flanges. He 
has devoted the last 33 years to handling the engineering and de- 
velopment work of his firm. 

2 Associate Professor of Mechanical Engineering, Yale Uni- 
versity. Assoc-Mem. A.S.M.E. Everett O. Waters was graduated 
from Yale University in 1914 with the degree of M.E., since which 
time he has been teaching machine design and related subjects at that 
institution. During the war, he was engaged in the organization and 
maintenance of repair shops for ordnance material for the American 
Expeditionary Forces, being employed at first in the field and later in 
the office of the Chief Ordnance Officer. For the last eight years, he 
has collaborated with J. Hall Taylor in the investigation of the 
strength of pipe flanges and nozzles, in the course of which he de- 
veloped formulas for the design of rings and flanges on a strength 
basis. 

3 E.g., reinforcement of manholes, A.S.M.E. Boiler Construction 
Code, 1930 ed., par. P-260. (References throughout the paper are 
to the original 1930 edition of the Code.) 

Contributed by the Applied Mechanics Division and presented at 
the Semi-Annual Meeting, Chicago, Ill., June 26 to July 1, 1933, of 
Tue AMmpRICAN OF MECHANICAL ENGINEERS. 

Norge: Statements and opinions advanced in papers are to be 
understood as individual is of their oo and not those 


of the Society. 7 


holes above a minimum diameter, because the stress con- 
centration becomes much higher than that due to a hole 
in a stretched flat plate as the diameter increases; (2) the 
desirability of attaching the reinforcement as near the 
edge of the hole as practicable, on account of the local 
character of the stress concentration; (3) the danger of 
excessive stiffening when heavy, large-diameter reinforcing 
pads or saddles are used. A few numerical examples are 
given to illustrate the principles outlined. 


opening involved. The work of the Boiler 
Code Committee of The American Society 
of Mechanical Engineers, as represented 
by its publications and supplementary 
rulings on special questions, has un- 
doubtedly crystallized the best thought in 
this field, and serves as an extremely relia- 
ble guide for designers and users of pres- 
sure vessels of all types. 

Recently, however, designers of this 
type of equipment have felt the need of 
more accurate knowledge of the exact 
state of stress occurring in the neighbor- 
hood of openings, and have raised the 
question as to whether reinforcements, proportioned according 
to the best current practise and complying with all the rules, 
actually produce the effect that they are supposed to. Further- 
more, new methods of making connections to pressure tanks, with 
new designs of nozzles, have involved the matter of reinforce- 
ment in a way that was perhaps not contemplated when the exist- 
ing rules were adopted. Believing that a better understanding of 
this whole subject could best be gained by a thoroughgoing series 
of tests on full-scale apparatus, assembled as it would be in actual 
service, the authors undertook the program that will presently 
be outlined, and are pleased to present the results which they 
obtained, with their own conclusions deduced therefrom. 


J. Hatt 


1— PurPosE AND Scops oF TEsts; ProposeD METHOD OF 
PROCEDURE 


The purpose of the tests, in short, was to measure the stresses 
in pressure vessels in the neighborhood of openings, both rein- 
forced and unreinforced. In order to cover as wide a range of 
conditions as practicable, three different vessels were used, of 
different shell and head thicknesses; holes were cut in both 
shell and head; five types of nozzles were used as reinforcement; 
and attachment of the latter was made both by riveting and weld- 
ing. Thus it was possible to deal with the effect of the following 
variables, over the ranges indicated: 


Variable Range 
Zero to 1200 lb per sq in. 
3/4, 1, 11/4 in. 
Diameter of opening cut......... 61/2, 65/s, 7, 8, 81/s, 9, 101/s, 11, 13 in. 


Nominal size of reinforcing nozzle 3, 6, 8, 10 in 

weep, straight neck, welding neck, 
thin-wall neck, welding nozale 

Single row of rivets, double row of 
rivets, fillet weld, stud weld 


Nossle attachment.............. 


The range of pressure was subject to the condition that, for any 
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given test, the elastic limit of the material in the region of the 
test should not be exceeded. In some instances, stress concen- 
trations were encountered of such magnitude that the fluid pres- 
- sure had to be limited to 300 lb per sq in. 

It was proposed to determine stresses by means of strain-gage 
readings taken at definite stations on the outer surface of the 
shell and reinforcing nozzles, using a commercial gage reading 
elongations in ten-thousandths of an inch per inch over a 2-in. 
gage length. By taking readings along mutually perpendicular 
axes at each station, the direct, stresses along these axes could be 
computed by the well-known relation for two-dimensional stress: 


ey where E is the modulus of elasticity, 5: and 6, the unit elongations, 
uw is Poisson’s ratio, and and s, are the unit stresses. 

: Taking the modulus E = 29,500,000 Ib per sq in. and » = 
0.303, these formulas reduce to 


8r 32,480,000 6. + 9,853,000 6, 


8y = 32,480,000 6, + 9,853,000 6.......... {la} 


It was realized that, when a nozzle or other reinforcement was 
fastened to an opening, the application of pressure would un- 
doubtedly cause some relative displacement of reinforcing pad 
and pressure-vessel shell; accordingly, it was planned to take 


readings both on the exposed surface of the reinforcement and, 


through small drilled holes, on the surface of the shell that would 
be covered by the reinforcement. For readings at the latter 
stations, the strain gage was provided with extension legs which 
reduced its sensitivity, but nevertheless made it possible to get 
results of some quantitative value. 

Obviously, it would be impossible to obtain a complete picture 
of the effects produced at an opening, unless the vessel were first 
tested without openings, then with unreinforced openings (closed 
off by pressure-sealed pads similar to a manhole cover), and 
finally with the openings reinforced by means of various nozzles. 
Plans were therefore made to test the solid shell, including the 
head, after which one hole was to be cut at a specified location, 

; a loose patch applied from the inside, and readings taken in the 
: neighborhood of the hole. Next, a nozzle would be attached to 
the hole, pressure again applied, and another series of readings 
taken. The process would then be repeated for a second, third, 
= fourth, ete. hole and nozzle, until all the desired data had been 
secured for each pressure vessel. This method entailed much 
more labor than would have been required if all holes had been 
cut at one time and all nozzles attached at one time. But it had 
two decided advantages: it made it possible to detect mutual or 
reciprocal effects of adjacent holes on each other, and it left the 
way clear to a change in the size of an opening or the type of 
nozzle and means of attachment, as a result of experience with 
preceding openings and nozzles. 

In carrying out a series of tests on a structure by the methods 
just outlined, there are unquestionably many difficulties that can 
be overcome only by compromise and there are sources of error 
for which the authors may be criticized. First, a manually 
applied strain gage, removed from each station and reapplied 
between each pair of successive readings, cannot be expected to 
“repeat” with absolute fidelity. Second, tanks of the size con- 
templated, built to commercial specifications, are apt to contain 
trapped stresses when first put in service, which are more or less 


completely ironed out during repeated applications and removals 
of pressure. This seasoning action shows up on the strain gage 
as a mixture of elastic and plastic strain, and the readings will be 
somewhat discordant if interpreted solely on the basis of elas- 
ticity. However, in view of the great quantity of readings that 
had to be taken, the authors did not consider themselves justified 
in going to more refined methods of observation and analysis, but 
felt that the simple averaging of this mass of data would of itself 
reduce the observational errors to a minimum. 

Some idea of the number of readings taken may be gathered 
from these figures: 


Approximate number of stations per opening................ ae 25 
Approximate number of stations per noazle................... 15 
Approximate number of readings per station................ = 20 
Approximate total number of readings.............. . 9200 


This does not include tests on solid tanks, or tests run in the spring 
of 1933. 

A further check on the accuracy and reliability of observations 
is given by the readings on the solid shells. For these tests, the 
relation between the observed strains and those computed from 
the theoretical stresses is shown in Fig. 6. The degree of agree- 
ment there shown may be taken as characteristic of the entire 
series. 

Wherever riveted connections were used, a certain amount of 
slippage probably took place, in addition to the previously 
mentioned elastic displacement; with successive applications of 
pressure alternating with reductions to zero, this would affect 
the readings in the same way as elastic hysteresis, but would be 
more irregular. No attempt has been made to analyze this effect 
precisely; readings where it obviously occurred should simply be 
interpreted as having qualitative rather than quantitative value. 

Finally, readings were taken on outside surfaces only. If mem- 
brane stresses are the only ones present, this indicates the true 
state of stress. But when bending is superimposed, the readings 
will indicate the sum or difference of the membrane and bending 
stresses and must be interpreted accordingly. In order to sepa- 
rate the stresses experimentally, it is necessary to get readings on 
both outer and inner surfaces. Under the circumstances, it 
was quite impossible to get direct readings on the inside of the 
tanks; indirect readings could have been obtained by straddling 
the strain gage across the tops of rigid pins secured to the outside 
of the tank at gage-length intervals, but the additional time and 
expense of this procedure were prohibitive. Possibly the authors 
may undertake an investigation of this sort at a future date, if the 
demand for more accurate data appears to warrant it. 


2—DEScRIPTION OF APPARATUS TESTED a 


Tests were run during the years 1931 and 1932 and the spring 
of 1933, at the plant of the Taylor Forge and Pipe Works. Three 
cylindrical vessels were constructed, of the type shown in Fig. 1, 
each having a 2-to-1 ellipsoidal head at one end and a massive 
cover plate at the other end which could be unbolted and dropped 
down on to the inside of the shell when access was necessary for 
bucking up rivets, calk welding, etc. All shells were made of 
steel conforming to material specification 2 of the A.S.M.E. 
Boiler Code, and A.S.T.M. specification A-89-30 grade B for 
flange-quality steel for forge welding. The shells were hammer 
welded, formed and assembled, and end closure machined by the 
Taylor Forge and Pipe Works. Special attention was given to 
insure, as nearly as practicable, roundness of the shells. Heads 
were purchased from one of the principal sources of supply of 
spun heads, and were fusion welded to the shell. The major 
dimensions were as follows: 
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\ No. 2 No. 3 
Shell diameter, inside, in.........cccccsccece 42 42 42 
Overall length, approximate, ft.............. 10 8 8 
Max. allowable working pressure, |b persqin.* 250 333 417 


~ @ Based on 35,000 lb per sq in. ultimate strength of weld, and a factor of 
sufety of 5. See Pars. P-180 and P-186, A.S8.M.E. Boiler Code. 

All boiler-making work in connection with the tests, such as 
riveting, laying-up nozzles, etc., was performed by the same man 
to eliminate inequalities of 
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a master against which the service gage was checked at frequent 
intervals. On account of the small holes that were drilled 
through the saddle flanges of the nozzles in order to get strain- 
gage points on the surface of the shell plate underneath, there 
was for a time some trouble from loss of pressure due to leakage. 
This was obviated by applying a special packing between nozzle 
and shell, on the inside, which provided tightness without 
strength. 
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workmanship as far as possible. 
Where holes were cut in the shell 
by the oxygen process, the metal 
was removed by chipping for at 


7-84 


/ 


least '/, in. from the fused sur- 
face; the holes were then ground 5 
smooth and to the correct di- 
ameter. 

The nozzles used for the tests 
were of regular commercial 
quality, Taylor Forge Seamless 
manufacture, with flanges and 
necks conforming to dimensions 
as specified in the maker’s cata- 
logs. In particular, the saddle 
flange thickness was kept to a 1 
tolerance of in. and 
in., so as to maintain the rein- 
forcement value of the flange at 


6-8" 


its nominal amount, as covered 
by sec. 1, par. 260 of the 
A.S.M.E. Boiler Code. Special 
precautions were taken to insure high-grade workmanship in 
attaching nozzles. Laying-up was resorted to where neces- 
sary to insure close-fitting flanges; rivet holes were drilled and 
then reamed '/32 in. larger than rivet size; and after reaming, 
the nozzles were removed to allow complete removal of chips 
and burrs. True-tolerance hot-formed rivets were used; all 
rivets were hammer tested after driving, and unsound ones were 
cut out and replaced. 

The Berry strain gage with 2-in. center-to-center points and 
dial indicator graduated in thousandths of an inch was used in all 
the tests. In taking readings, tenths of a division were estimated. 
Gage holes at each station were first marked with a standard 2-in. 
spacer punch, and then finished with two prick punches, the first 
having an angle slightly greater and the second one an angle 
slightly less than that of the strain-gage points; this was found by 
experience to be more satisfactory than drilling. In order to 
minimize the effects of trapped stresses and possible plastic 
strains, the net extensions for any given pressure application 
were always computed as the difference between the reading at 
that pressure and the next following zero pressure, the results for 
each station being then averaged and tabulated as strain (and 
stress) per 100 lb per sq in. applied fluid pressure. The following 
excerpt from one of the work sheets illustrates the procedure: 


Fig. 1 


Pressure, lb per sq in......-..++ee0: 100 0 

165.1 166.0 165.3 

Strain, mils per in. per 100 Ib per sq in. 

Strain, mils per in. per 100 lb per sq in. 


From Equations [la], sr = 2747 lb per sq in., sy = 1571 lb per sq in. 


Two bourdon-type gages were mounted directly on the pressure 


Test Tank, 42 IN. By 1 IN., FoR StrRaIN-GaGe TEST 


Fra. 2 


No. 1 Arrer Nozzites Hap Been ATTACHED 


Fig. 2 shows tank No. 1 as it appeared after all nozzles had 
been attached and the tests completed. Many of the gage sta- 
tions may be seen, outlined in white circles and joined by white 
lines with their mating points. The small pipe tapped into the 
blind flange on the central nozzle is a bleeder for air trapped in 
the tank. The pressure gages were attached near the swaged 
end, and water was pumped in and drained out through a connec- 


300 0 500 0 700 0 800 0 
167.2 165.2 169.7 165.1 170.0 165.1 172.0 165.1 
2.0 ous 4.6 4.9 se 6.9 
sos 0.067 0.092 ees 0.070 eee 

139.1 138.2 139.2 138.1 139.7 138.3 140.0 138.3 
eee 0. eve 1.1 owe 1.4 eee 
ee 0.030 0.022 0.020 eee 0.021 
eee eee coe 0.025 


tion in the detachable head. Fig. 2 also indicates what may be 
called the standard arrangement of gaging stations at each open- 
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TABLE 1 SCHEDULE OF TESTS 


on an element of the cylinder, and at one additional point. ¢ Tan 


7——Hole—— 
Serial Diam. 
number Tank Letter in. Letter Type 
1 9 
104 A Sweep sy) 
wee ‘ve 
106 E 8 
D 8 
Cc Str. neckh 
112 a F Welding neckh 
G Thin-wall widg. neckh 
F Welding neck« 
G Thin-wall widg. necki 
A 8 
A Str. neck 
B ll 
- ‘ B Sweep 
Cc Str. neck 
D 1l 
D Dbl. riv 
F Widg. nossle 
B 13 
B Dbl. riv. 
Cc Widg. nozzle 
D Widg. neck 


osszle 


N 
Size, Hole diam., Rivet circle 


; ) Rivet size, No. of 
Series in. in. diam., in. in. rivets 
9 1 20 
30 6 9 16 a 20 
30 3 61/ 103/s fs 14 
30 6 8 145/, 
30 6 81/5 Welded Welded Welded 
6(noml.) Welded Welded Welded 
3 6 81/5 Welded Welded Welded 
Spl. 6(noml.) 65/s Welded Welded Welded = 
40 9 181/, 
40 10 16, 22i/, 16, 16 
40 6 ll 14°/s u/s weld 18 
Spl. 8 8 Welded elded Welded 
60 6 7 
60 10 13° 22, 20, 20 
Spl. 8 10/3 Weld Welded Welded _ 
6 8 Welded Welded Welded 


« Head, from crown to junction with barrel, on two mutually pereendionlar meridians. » Shell, at 23 in., 491!/: in., and 77 in. from junction with head, 
with all nozzles attached subjected to 1000 lb persqin. 4 Head, from crown to Junction 


with shell, on two mutually perpendicular meridians. ¢ Shell, at 19 in., 31/4 in., and 443/, in. from junction with head, at locations of holes C, D, B 


from crown to point 9 in. beyond mane with shell, on two mutuall 
With reinforcing pad, 15!/: in. O.D., 91/2 in. I.D., in. thick. i 
used in tests 113 and 115 had same dimensions as extra heavy pipe. — 


8-10" 


Fie. 3 Tank No. 1 


Fie. 4 Tank No. 2 


ing: along two mutually perpendicular lines radiating from the 
center of the opening, one being an element of the cylindrical 
surface, and extending over the saddle flanges of the nozzles and 
up the necks as far as practicable. When openings without 
nozzles were tested, readings were on these same lines, which 
then extended to the edge of the hole and were supplemented by 
readings taken around the hole with gage points set as close to the 
edge as possible. In the case of the 3-in. offset nozzle on No. 1 
head, the gage station lines were taken on a meridian of the head 
bisecting the nozzle and continuing for 7 in. along the shell, and 


erpendicular meridians. g Shell, at four random points. 4 Without reinforcing pad. 
ith reinforcing pad, 14!/s in. O.D., 81/s in. I.D., 8/« in. thick. & Special welding neck 


on an arc concentric with the tank and passing through the center 
of the nozzle hole. 


3—Recorp or TEsTs 


The tests may well be divided into three groups: (1) shell and 
head tests on the three tanks without holes; (2) strain measure- 
ments in the neighborhood of unreinforced holes; (3) strain 
measurements in the neighborhood of reinforced holes, including 
measurements on the reinforeing nozzles. This classification 


- 


Fic. 5 Tank No. 3 


will be followed in the discussion of the results, but for purposes of 
record it is perhaps better to present the material in chronological 
order for each tank, so that the reader may have a clear idea of the 
true sequence of events. Table 1 gives a list of the tests, to- 
gether with general information as to the size of holes, size and 
type of nozzles, riveting, etc. The location of each test is shown 
in Figs. 3, 4, and 5. 

(1) The results of tests 102, 202, and 302 may be compared 
directly with the theoretical elongations in a cylindrical shell, 
thus furnishing a check on the accuracy of the experimental work. 
Since this is quite important, Fig. 6 has been prepared, in which 
the observed strains have been plotted as points and the theoreti- 
cal strains as oblique lines. The latter have been deduced from 
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the simple membrane analysis, 
using the inside diameter and 
taking the longitudinal stress 


Hoop Straim 


WNo.d 


= 


L ongitudina/ Strain 


as one-half the hoop stress; 
had the more precise method 


been used (Lamé’s formula), 


the difference would have been 


a 


a 


of the order of 5 per cent for 


No. 3 tank and less for the 


other two. It will be noticed 
that the experimental values 


scatter rather widely when 


smaller than about 0.15 mil 


Strain~ mils per /nch 


per inch, but above this figure 


Strain~ mils per inck 


they show good agreement 
with the theoretical lines. This 
may be taken as characteris- 
tic of the method of test em- 
ployed; the authors do not 
believe that anything better 
can be obtained unless a more : 7 oo 
sensitive and accurate strain 


& 


Ze 
Hyadrestatic Press. ~/bs persgin 


Hoop Strain 


7000 1200 400 600 800 


Hydrostatic Press.~ /bs per 


TANK 
Longitudinal Strain 


gage is used, and it is clamped 


a 


rigidly to the member under 


test throughout the duration 


of the experiment. 
Tests 101, 201, and 301 on 


the full heads are exhibited in - 


N 


% 


Fig. 7, where the results are 


Strain~ mils per inch 


plotted as stresses per 100 lb 


Strain~ mils per inch 


+ 


per sq in. applied fluid pres- — "7 
sure. The theoretical mem- 

brane stresses were figured 7 
from the standard formulas | <0 
for such cases,‘ wherein shear — 
and bending are neglected, and _ 
the corrections for edge effects 


< 


& 


200 #0 600 800 
Ayrdrostatic FPress.~/bs persgin 


Strain 


O 600 800 000 


Hrdrostatic Press~/bs per sgin 


Longitudinal Strain 


at the junction of head and 


| 


shell were computed by Coates’ 


step-by-step method,® using 


zones divided into 5-deg in- 


tervals. The radial-stress cor- 
rection gives the resultant 


stress on the outside of the 


vessel, and the hoop-stress 


Strain~ mils per 


correction gives the resultant 


9 


stress at the middle surface, to 
which a second correction (due 
to the hoop bending moment) 
should be applied in order to 
obtain the resultant stress at 
the outside. Due to the small magnitude of this latter correc- 
tion, it was not indicated in the figure. 

Since the primary purpose of these tests was to determine the 
effect of holes rather than to check the membrane theory of thin 
shells, only one tank, No. 3, was explored beyond the edge of the 
head and along the shell. All three tests show tolerable agree- 
ment with the corrected theory, especially in view of the fact that 
the weld was reinforced, and the change in plate thickness and 
the position of the weld were both offset slightly from the geo- 
metrical junction of head and shell. However, one important 
discrepancy should be noted: from the crown to a point halfway 


200 400 600 
Hydrestatic Press.~/bs per spin. 


4 Timoshenko, ‘Strength of Materials,” part II, p. 510. The radii 
of curvature to the inner surface were used in the calculations. 
5 Coates, ‘‘The State of Stress in Full Heads of Pressure Vessels,” 


Trans. A.S.M.E., 1930, paper APM-52-12, p. 117. 


800 


200 400 600 800 /000 
Hydrostatic Press ~ /bs per Sgin. 


1000 


Fic. 6 Osservep AND THEORETICAL STRAINS IN TANK SHELLS 


to the edge of the head, the observed stresses ran consistently 
higher than the computed values. The reasons for this are dis- 
cussed in part 4 of the paper. 

(2) The effect of an unreinforced hole in the center of an 
ellipsoidal head is shown strikingly in Fig. 8, where the results of 
tests 103, 203, and 303 are plotted. In this and succeeding fig- 
ures, stresses are plotted as percentages of the theoretical hoop 
stress that would exist in the full head (or shell) at the point 
where the center of the hole is located. Solid and dotted fair 
curves are drawn to indicate the hoop and meridional stresses, 
respectively. For comparative purposes, the corresponding 
theoretical stress percentages in an infinite stretched flat plate 
have been plotted as dash and dot-dash lines. It will be seen at a 
glance that the actual conditions in the head, for the sizes of holes 
tested, are about the same as the flat-plate theory would predict, 


= 
M-56-3 123 
28 
4 
| 
TANK Nags 
|_| 
] 
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Whe 
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as far as meridional stresses are concerned, but that for the hoop 
stresses they are far more severe, although it would be reasonable 
to assume that, as the size of the hole diminished in comparison 
with the major axis of the head, the experimental and theoretical 
values would tend to approach each other. As a matter of fact, 
the present tests show a trend toward lower percentage hoop 
stresses as the hole diameter is decreased from 9 in. to 7 in., i.e., 
from 21'/; to 16'/2 per cent of the tank diameter. A rigorous 
theoretical analysis must include not only the change in mem- 
brane stress caused by the opening, but the bending stress due to 
the shear arising from the pressure of the loose patch, as well. 
A pipe attached to the head by a plain threaded connection, 
without reinforcement, would produce practically the same bend- 
ing effect. 

Unreinforced holes in the shells (tests 106, 108, 110, 205, 207, 
209, and 305) give similar results; see Fig. 9, where the observed 
stress percentages are shown by circles and crosses with fair 


curves drawn through them, while the theoretical percentages for 
an infinite stretched flat plate with a circular hole at the center 
are indicated by dash and dot-dash lines. The latter values were 
obtained by solving the Airy function for the particular case in 
which the normal stress on the z-axis at infinity equals twice the 
corresponding stress on the y-axis. The maximum permissible 
diameters of unreinforced holes are, respectively, 3.58, 4.14, and 
4.64 in. for the three tanks,’ which are considerably less than 
the actual diameter of any hole tested, so that high stress concen- 
trations are not surprising. 

As would be expected, the stress at the edge of the hole, mea- 
sured tangentially with respect to the latter, is greatest on the 
longitudinal axis. Moreover, in all cases except one, it is con- 
siderably greater than the corresponding flat-plate stress, and it 
oscillates about the 100 per cent line instead of approaching it as 
an asymptote. Test 106 shows an exceptionally high value, 
which may have been caused by a recess of tapered cross-section, 

'/,in. deep and 1 in. wide, that 


7 was chipped from the inside edge 
TANK Na 1 ol the hole, due to a shop error. 
The stress in test 305 is also very 


® s radial stress high, possibly because of the 


from test large diameter of the hole. 


On the circumferential axis 
X« hoop stress 


3 


through the holes, the observed 
from test 


stresses normal to this axis show 


stheoretical hoop 


9 


the same general trend as the 


membrane stress theoretical flat-plate stress, rising 


to a maximum a short distance 


——*theoretical racdia/ 


Stress~ /bS. per Sg. /n 


away from the edge of the hole; 
membrane stress 


but here again the actual values 
—-— =resu/tant of mem- 


are far greater than the theoreti- 


brane and /oca/ 


10 20 JO 


Distance Along Surface oF Head and Shell, from Crown ~/nches 


cal ones. 

(3) We now come to the 
effect of reinforcements. Fig. 
10 includes the results for the 


40 
Stresses on 


outer Surface. 


x 


heads; Fig. 11, the holes in shells 


reinforced with sweep type, 


TANK No. 2 


. single-riveted nozzles; Fig. 12, 


N 


the straight-neck, single- or 
double-riveted type of rein- 


> 


x 

—— 


forcement; Figs. 13 and 14, the 


stresses are expressed as percent- 


Stress ~ /bs. per Soin. 


ages. Table 2 gives the rein- 
_ forcing values of these outlets, 


various welded reinforcements. 
: Here again, as in Figs. 8 and 9, 


computed in accordance with 


~ 


the A.S.M.E. Boiler Code. 


10 20 Jo 


70 
Distance Along Surface of and She//, from Crown ~ inches 


Test 104, when compared 
with test 103, shows a tolerable 
degree of reinforcement, with, 
however, a rather high radial 


stress due probably to concen- 


trated bending of the head just 


TANK No. 3 


beyond the nozzle. Test 204, 


per 59.2. 


the other hand, shows com- 


_ paratively poor reinforcement, 


4 


- although the computed value of 
*See Prescott, ‘‘Applied Elas- 


ticity,’’ p. 347, et seq. 


: 


Stress ~ /bs. 


7 Based on par. P-193b, Equa- 
tion [2], A.S.M.E. Boiler Code. 


10 20 30 


Distance Along Surface of Head and Shell, from Crown~ inches 
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90 oni The value of K has been assumed 
as (ultimate strength of longitu- 

dinal weld) /(nominal ultimate 

strength of shell plate), or 0.7. 
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Because of these 


the nozzle (see Table 2) is entirely adequate. 
anomalous results, a nozzle of the same type (straight neck) 


was used in test 304. Here the results are fully as satisfactory 
as in test 104, showing that the form of the nozzle was not at fault. 
In all these tests, it should be added, gage readings on the nozzle 
flanges were low, indicating that the nozzles were capable of 
standing a much larger share of the load. It was therefore con- 
cluded that the high head stress in test 204 was due to riveting 
that was faulty, in spite of all efforts to make it of as high a grade 
as possible. This feature is discussed further in part 4. 
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strength of the rivets is only 89 per cent of that in test 109. 

In Fig. 12 are given the results for straight-neck nozzles. In 
general, these are comparable with the sweep-type nozzle tests 
as far as the longitudinal axis is concerned; however, on the cir- 
cumferential axis a sharp rise in the hoop stress, and in some cases 
in the longitudinal stress as well, is to be noted just outside the 
riveting. This is not so pronounced in test 111, where the 
rivet circle is only 3'/, in. from the edge of the hole, but in the 
other three tests it is unmistakable. The authors ascribe this 
phenomenon to the great, almost excessive, rigidity of the saddle 


300 
\ 
300 \ | 200 3 t Wo 
> 
° 
100% | i 14” 6 0 2M 


> 
103 


Test 


A 6'/,-in. hole was cut in the head of tank No. 1, 17'/, in. from 
the crown, and reinforced with a 3-in. sweep-type nozzle, simply 
to get a qualitative picture of the stresses produced by an eccen- 
trically located hole in the head (test 105). As would be ex- 
pected, the radial stress is very high between the central and off- 
set nozzles, whereas on the knuckle side both stresses are moder- 
ate, and, beyond the weld, approach the normal values of 100 
and 50 per cent much as though no hole were present; compare 
with Fig. 7, tank No. 3. Ona hoop passing through the center of 
the hole, there is an abrupt concentration of hoop stress just be- 
yond the nozzle, which it is assumed is caused by bending due to 
eccentric rivet pull; beyond this point, both stresses fall rapidly 
to the low values that would naturally obtain in a full head at this 
radius—again compare with Fig. 7. 

Fig. 11 shows the reinforcement that may be expected from 
sweep-type single-riveted nozzles applied to shell holes. It will 
be noticed that the high hoop stress at the edge of the hole on the 
longitudinal axis, in the unreinforced condition (Fig. 9), has been 
completely neutralized in all three tests; furthermore, the high 
longitudinal stress on the circumferential axis of the unreinforced 
hole has been satisfactorily reduced in test 109, although tests 
107 and 206 leave something to be desired in this regard. On the 
other hand, the hoop stress on the circumferential axis, in all three 
tests, is too high. No doubt the eccentric rivet pull is largely 
responsible for this; also the fact that the saddle flange of the 
nozzle, which is the reinforcing agent, is completely symmetrical 
about its center, whereas the principal stresses to which it is sub- 
jected are individually symmetrical about the principal axes, 
but are unequal, so that it tends to distort into an elliptical shape. 
The somewhat poorer results for test 107, as compared with those 
for test 109, which was identical except for the riveting, may be 
attributed to that difference; in test 107, the theoretical shear 


Test 203 
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flanges against dishing that this type of nozzle exhibits, coupled 
with eccentric rivet pull, resulting in flexure of the shell plate 
just outside of the riveted area. Test 306, where the flange is 
very thick and the rivet circles are further removed from the edge 
of the hole, is the worst offender in this respect. 

The final tests were made upon welded outlets, consisting of 
standard and special welding necks, a stud-welded sweep-type 
nozzle, and a standard welding nozzle. The earlier welding 
neck tests, Nos. 112 and 113, Fig. 13, show results not markedly 
different from those for the sweep-type riveted nozzles, i.e., good 
reinforcement on the longitudinal axis, but stresses above 100 per 
cent on the circumferential axis. The thin (special) neck, test 
113, shows up very well in comparison with the standard neck, 
test 112—especially on the circumferential axis, where the 
greater stiffness of the standard neck introduces an undesirable 
bending moment. 

When collars were applied to these two outlets, tests 114 and 
115, the reinforcement on the longitudinal axis was increased un- 
necessarily, while the shell on the circumferential axis received a 
very heavy bending moment just beyond the outer weld. This 
might have been reduced somewhat if the joints had been an- 
nealed; however, experience with heavy saddles on previous 
tests leads one to expect a disadvantageous concentration of 
stress in any event, if the reinforcing collars are used. 

None of these four welded connections was annealed to remove 
stresses set up in assembling. The effect of heat treatment is 
brought out in Fig. 14, test 308, where a standard neck was welded 
into the shell, with a slightly heavier fillet than was used in test 
112. The results are eminently satisfactory, indicating that a 
well-proportioned neck, welded to the shell at a single point and 
then stress-relieved, gives all the reinforcement that is necessary. 

The stud-welded nozzle, test 211, Fig. 14, is another example of 


a> 


= 
AZ 


I 
Va = 
eng 
> 
a 
é 
pa 


— 


Tesr 207 209 


Fie. 9 Errect or UNRBINFORCED HOLES IN SHELLS 


“af TRANSACTIONS OF THE AMERICAN SQOQCTRTY OF MECH ANICAL ENGINE 
400 
lm | BEES 


77 


APPLIED MECHANICS  APM-56-3 127, 


| - \ | eo 
| 
104 Test 204 Test 304 
| 
~ 


Test 105 


Fic. 10 Retnrorcep Hoies in Heaps 


Test /09 Test 107 Test 206 
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adequate reinforcement on the longitudinal axis, coupled with 
objectionable bending effects on the circumferential axis. In this 
case, it is suggested that the difficulty might have been obviated 
by omitting the fillet weld around the outside of the saddle flange, 
and annealing. 

The welding nozzle, tests 212 and 307, provides more reinforce- 
ment than the plain neck, and at the same time the area is con- 
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the most satisfactory type of design for pressure-vessel outlets 
that has been evolved to date, and when installed with proper 
care and workmanship, gives adequate reinforcement. 


4—GENERAL CoNncLuUsIONS 


(1) Actual Stress in Full Ellipsoidal Heads. It appears to be 
common practise in this country to base the thickness of ellip- 
soidal heads upon the simple 
membrane theory, neglecting 


bending. For example, the rule 


oF 


in the A.S.M.E. Boiler Code, 
P-195, is equivalent to specify- 


- 


ing that the thickness of a 2-to- 


1 ellipsoidal head shall be com- 


\ 
~ 


4 puted by this theory, with the 
same factor of safety as for the 
shell. The authors wish to point 
out, however, that all such heads 
are subject to bending as well 
as direct tension. The impres- 
sion seems to have gained ground 
that bending effects are impor- 


Tesr 


q tant only at the knuckle, where 
—_ the different rates of expansion 
a of head and shell have to be 
~ equalized, whereas a close scru- 
= tiny of conditions reveals the 

6 kM 


_ fact that the displacement of the 
head under load must vary from 
point to point along each meri- 

7 dian, tending to make the ellip 
soidal form approach a hemis- 
phere and inducing bending 


4 

& 
a 


moments that are far from neg- 


ligible. 
If we assume that the two 
principal stresses at any point in 


the head are given by the simple 
membrane theory, we can com- 
pute the corresponding strains 
from Equations [1]; then, by the 
theory of thin surfaces of revo- 
lution in which bending is con- 


sidered,* we obtain expressions 


for the components of displace- 


| ment normal to the surface and 
parallel to the meridians, and by 


= differentiation and substitution, 
P the so-called “‘first’’ and ‘‘second”’ 
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centrated as nearly at one point as it is possible to get it. The 
two tests are structurally identical, except for the different thick- 
nesses of shell plate and the extended inner lip on the nozzle in 
test 307. Both arrangements gave very satisfactory results on 
the longitudinal axis; and although the stress on the circum- 


ferential axis in test 212 did rise to about 180 per cent, there were 
no abrupt changes or narrow zones of high stress concentration, 
in contrast with riveted connections, such as test 208, or welded 
connections, such as test 114. 


This nozzle probably represents 


306 


principal bending moments. At 
the crown, these latter reduce 
to the following simple value: 

_ pt? (k?—1) 

6 (1 — 


where 


M = moment acting on edge of element of unit length and 
breadth, tending to increase the convexity of the head, 
in-lb per in. 

thickness of head, in. 

fluid pressure required to produce the stresses in accord- 
ance with the simple membrane theory, Ib per sq in. 


8 Féppl, ‘Drang und Zwang,”’ vol. 2, pp. 21-36; Péschl, ‘‘Berech- 
nung von Behaltern,”’ pp. 50-63. 
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k = ratio of major to minor axis om 
s’ = stress in outermost fiber due to M, lb per 
sq in. 
For a hemispherical head, k = 1 and M = 0; for 
a 2-to-1 ellipsoid, of steel, M = 0.718 pt? and 


= 431 lb per sq in. per 
100 lb per sq in. applied pressure. 


There are two errors in the foregoing: The 
body has been assumed as a complete ellipsoid 
without edge loadings, and the strain energy of 
bending has been neglected. The first is un- 
important, since it is well known that edge 
effects in a semi-ellipsoid are sensible only over 
a narrow zone and are imperceptible at the 
crown. The second would be serious in a thick 
head with large k, where conditions would ap- 
proach those of a ftat plate amenable to the 
Poisson analysis. In a 2-to-1 head, however, 
the bending energy is comparatively small. If 
we assume a strained configuration for the head 
identical with that which is given by the simple 
membrane theory, we can calculate the work 
done by the fluid pressure (using the value of 
p in the simple inembrane formulas), the strain 
energy of direct extension, and the strain energy 
of bending. The authors have done this for the 
head of tank No. 1, using Coates’ step-by-step 
method with 5-deg zones and finite differences of 
the displacements instead of differentials, and 
obtained 43.01 X< 10® in-lb for the first, 43.05 
X 10% in-lb for the second, and only 3.98 10° 
in-lb for the third, per lb per sq in. applied pres- 
sure. The close agreement between the first and 
second, which were obtained with a 12-in. slide 
rule, shows the efficacy of the step-by-step 
method; the small value of the third indicates 
that the specified configuration could be ob- 
tained by applying small supplementary cor- 
rective loadings (partly radial and partly meri- 
dional) to the elements of the head. A first ap- 
proximation to the true state of stress could then 
be obtained by reducing or increasing the com- 
puted stress at any point by the ratio of the 
specified load to the corrected radial load at 
that point. But an examination of the equa- 
tions of equilibrium shows that at the crown, 
where the shear is always zero, the corrective 
loading is zero; hence the first approximation 
gives, for the stress on the outer surface of the 
head at the crown: 


stress by membrane theory + stress by 
Equation [3] 


This is sufficient to account for the excess of 
observed over calculated stresses shown in Fig. 
7, tanks Nos. 1 and 3. The trend of results for 
tank No. 2 is the same, with a single excessive 
result near the center, which may be a thermal 
stress caused by plugging the small central hole 


(see Fig. 1) with weld metal. The authors believe that these heads and recommend = it be given due ae by de- 
tests give clear evidence of the seriousness of bending in dished signers. 
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(2) Stresses Around Unreinforced Holes. Figs. 8 and 9 show 
that the common two-dimensional formulas for stresses near a 
hole in a stretched plate give at best a poor representation of the 
actual conditions in a head or shell, of qualitative value only. 
The true state of stress in a head can be computed only from the 


equations for surfaces of revolution having flexural rigidity.® 


TABLE 2 REINFORCEMENT VALUES OF NOZZLES 


Ratio of reinforcing 
metal to metal 
Tank and removed by 


nozzle 


Ratio of actual to required 
rivet strength 


® Without collar. 6 With collar. 

Nore: Values in the table were co yoann in accordance with paragraphs 
P-180, P-193, P-195, P-260, P-261 and P-268, A.S.M.E. Boiler Code. Iti- 
mate strengths were ‘assumed as follows: 50, 000 Ib per sq in. for shells, heads, 
and nozzles in tension, 45,000 lb per sq in. for rivets in tension, and 44,000 
lb per sq in. for rivets in shear. eld metal was included in computing the 
areas of reinfor ts y of longitudinal weld in shells assumed as 
0.7, bed on car to an ultimate strength for the weld of 35,000 lb per sq in. 
The weakening effect of rivet holes was not considered in computing the 
maximum allowable workin ng anes or the maximum permissible diameter 
of unreinforced opening. this been taken into account, the result would 
have been to reduce the working pressure, increase the maximum diameter 
of unreinforced opening, and increase the rivet strength ratios, in some of the 
entries in the table. 


* See reference in footnote 8; also, for special solutions and ap- 
proximate methods, the following: Geckeler, ‘Uber die Festigkeit 
achsensymmetrischer Schalen,” Forsch. Ing., no. 276, 1926; Meissner, 
“Uber Elastizitat und Festigkeit dinner Schalen,” and Elas- 
tizitatsproblem fir diinne Schalen,”’ in Phys. Zeit., vol. 14, 1913, p. 
343; Reissner, ‘“Spannungen in Kugelschalen,” in Miiller-Breslau 
Festschrift, 1912, pp. 181- 


- constant and variable thickness. 
amount of computation involved makes this last method a la- 
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Unfortunately, these equations do not admit of exact solution 
except for a few simple cases of loading, with constant radii of 
curvature and special edge conditions. However, by means of 
Geckeler’s approximation it is possible to get fairly easy solutions 
for spherical shapes with any desired edge conditions. The re- 
sulting shear stresses and angular displacements then take the 
form e~* (c sinew + c;cos ¢ ¥), where y is the angular distance 
from the edge of the hole, measured on a meridian; the corre- 
sponding linear displacements, direct stresses, and bending mo- 
-ments may then be computed directly by means of the exact 
formulas. It is recommended that this method be used for unre- 
inforced central holes in heads, assuming a constant radius of 
curvature equal to the mean of the actual principal radii at the 
edge of the hole. It is also possible to obtain very accurate nu- 
‘merical results for individual problems by using difference equa- 
tions over small intervals, instead of the more precise differential 
equations. Keller!® has given some interesting solutions, in 
_which this method was employed, involving dished sheets with 
various edge conditions, with and without central holes, and with 
It must be admitted that the 


_borious one. 

For holes in shells, the problem is complicated by the lack of 
symmetry. A suggested method of solution is to set the dis- 
placement equal to the regular displacement for a full cylindrical 
shell plus an exponential term with undetermined coefficients 
similar to that in the preceding paragraph, and solve by the mini- 
mum energy principle. 

(3) Characteristics of Good Reinforcement. A survey of the 
data obtained by the authors in their tests points toward several 
principles of design which, when properly observed, result in 
good reinforcement of openings—i.e., reduction of the high 
stresses around unreinforced holes to values approximating 100 
per cent of those which obtain in the full head or shell. Before 


10 Z.V.D.1. vol. 56, pp. 1988-1993 and 2025-2028; Forsch. Ing., 
no. 124, 1912, no. 195, 1917. See also “Berechnung gewolbten 
1922 
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discussing them, it should be well understood that a reinforce- 
ment is decidedly not the same as a connection or fastening, 
structurally speaking. A fastening must have strength, prefer- 
ably equal to that of the parts it connects, but greater if so de- 
sired; a reinforcement needs not only strength but rigidity—and 
neither too much nor too little of the latter. For example, 
suppose two bars under tension are connected end to end by a 
tongue-and-groove joint in which a taper key is inserted; the key 
may be a loose fit, but the joint will hold if the key has sufficient 
area of cross-section. Now suppose that the joint is to be rein- 
forced by cutting another slot and inserting a second key identical 
with the first. If this key (the ‘‘reinforcement’’) is a loose fit, it 
will serve no useful purpose whatever, and on the other hand, if it 
is driven in too tight, it will relieve the first key of its share of the 
load and the joint will be no stronger than it was in the first 
place. Consequently, when rings and nozzles are attached by 
bolting or riveting, special effort must be made to see that the 
holes are completely filled; even then, it is not certain that the 
reinforcement will take its full share of the load—-witness test 
No. 204 in comparison with 301, and 107 in comparison with 109. 

In view of the foregoing, the authors would state that the actual 
connection between the reinforcing member and the pressure ves- 
sel should be as rigid as possible. Furthermore, the point of 
attachment should be as near the edge of the hole as practicable, 
to eliminate ‘‘dead metal” in the shell, and the reinforcing ring 
itself should be concentrated close to the edge of the hole, so as to 
distribute the stress more uniformly through it, and prevent the 
bending effects that are associated with broad, stiff rings attached 
to the shell at or near their outer edges. 

In conclusion, a few numerical examples are given to illustrate 
the principles just outlined. They are based upon conditions in a 
thin flat plate with a hole at the center and uniform tension in all 
directions at infinity—-admittedly not true of a curved shell or 
dished head, but approximate enough to serve for comparative 
purposes. In each example, the plate is assumed to have a thick- 
ness of 1 in., the radius of the hole is 5 in., and the stress at in- 
finity is a tension of 11,000 Ib per sq in. For simplicity, u has 
been taken as 0.3. The following additional notation is used: 


= radial stressin plate 
hoop stress in plate _ 
thickness of plate | 
plate stress at infinity 
radius of hole 
radial displacement of ring 
radial stress in ring 
hoop stress in ring 
thickness of ring 
outside radius of ring 
radial displacement of plate 
area of one section of ring 
= (b' —a)t’ 
Example 1. Noreinforcement. 
—a*/r?) = 0 at edge of hole 
= 8250 lb per sq in. 5 in. from edge of hole 


s = s(1 


8 = s(1 + a?/r?) = 22,000 lb per sq in. at edge of hole 


13,750 lb per sq in. 5 in. from edge of hole 


This is the well-known result for a small hole in a plate, where the 
stress is doubled by the mere presence of the hole, regardless of 
size. 

Example 2. 100 per cent nominal reinforcement, consisting of 
a ring of 5 sq in. (one section only), concentrated at the edge of the 
hole. The attachment of ring to plate is unyielding (u = u’ when 
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sa?| at — (1 — u)H | = 9570 lb per sq in. at edge — 
r? | at + (1 + u)H | Of hole 


= 10,650 lb per sq in. 5 in. out 


+ sa?| at — (1 — u)H | = 12,430 lb per sq in. at edge 
r? | at + (1 + u)H | Of hole 


= 11,350 lb per sq in. 5 in. out 
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s:' = 9570 lb per sq in. 

Although the area of reinforcement equals the area removed by 
the hole, the ring is concentrated at one radius, and the attach- 
ment is unyielding, there is still an excess of 13 per cent in the 
hoop tension around the hole and a deficiency of 13 per cent in 
the full utilization of reinforcement. 

Example 3. Same as example 2, but with a small amount of 


“slip” in the attachment (u = 1.1w’). 
sa*| 1.lat — (1 — u)H | = 9170 lb per sq in. at edge 
r? | Llat + (1 + u)H | Of hole 


= 12,830 lb per sq in. at edge 
r? | L.lat + (1 + of hole 


The hoop tension is now 16!/2 per cent in excess, and the utiliza- 
tion of reinforcement is correspondingly reduced. 

Example 4. 200 per cent nominal reinforcement, consisting of 
a 10-sq-in. ring (one section only) concentrated at the edge of the 
hole, with unyielding attachment. 


sr = 12,200 lb per sq in. at edge of hole, 11,300 lb per sq in. 5 in. 
out 
9800 Ib per sq in. at edge of hole, 10,700 Ib per sq in. 5 in. 
out 

s:’ = 6100 lb per sq in. 


Although the reinforcing metal has been doubled, conditions are 
no better than in example 2, the chief difference being an inter- 
change in the values of hoop and radial stress; moreover, the re- 
inforcement is only about 55 per cent utilized. Further reinforce- 
ment will only increase the radial stress and decrease the hoop 
stress, until in the limiting case the former equals 22,000 lb per 
sq in. and the latter equals zero. To secure actual 100 per cent 
reinforcement, the total cross-section of the ring must be 43 
per cent greater than that of the hole, but in that case the strength 
of the ring is only 70 per cent utilized. 

Example 5. 100 per cent nominal reinforcement consisting of 
a ring 1 in. thick, 5 in. inside radius, and 10 in. outside radius, 
attached rigidly to the plate at the edge of the hole. 


= 6750 lb per sq in. at edge of hole, 9940 lb per sq in. 5 in. out 
15,250 lb per sq in. at edge of hole, 12,060 lb per sq in. 5 in. 
out 
6750 lb per sq in. at edge of hole, 0 at outer edge of ring 
11,240 lb per sq in. at edge of hole, 4480 lb per sq in. at 
outer edge 


This shows the objectionable results accruing from poor distribu- 
tion of the reinforcing metal; only the fibers near the edge of the 
hole are stressed the full amount, and the average utilization of 
the ring is less than 71 per cent; at the same time, the plate has a 
39 per cent excess of stress at the hole edge. 

Example 6. 100 per cent nominal reinforcement consisting of a 
ring of 5 sq in. area (one section only), rigidly attached to the 
plate, and concentrated on a circle of 7 in. radius. 


sr = 0 at edge of hole, 3308 lb per sq in. out from edge of hole 2 
in. —, 9855 lb per sq in. out from edge of hole 2 in. +, 
10,440 lb per sq in. 5 in. out 


5 
= 
=: 
~ 
> 
4 
= 
AOS 
3 
= 
: 
? 
4 
» “ 
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s: = 13,486 lb per sq in. at edge of hole, 10,178 lb per sq in. out 
from edge of hole 2 in. —, 12,145 lb per sq in. out from edge 
of hole 2 in. +, 11,560 lb per sq in. 5in. out 

= 9166 lb per sq in. 


Comparing with example 2, we find that the hoop stress in the 
plate, at the circle where the ring is attached, is slightly improved; 
but the metal around the edge of the hole, which is still carrying 
part of the load, even though from a very elementary and ap- 


; proximate point of view it is inside the ring and therefore ‘‘dead, 
a 
4 
4 


is overstressed to the extent of 22'/, per cent. Also, the ring is 
not as fully loaded as in example 2. 

By making the ring 7.485 sq in. in area (one section), the radial 
and hoop stresses outside the ring are held exactly at 11,000 lb 
per sq in., and the annulus inside of the reinforcing ring is not 
overstressed; in this case, full reinforcement is secured by adding 
practically 50 per cent to the nominal area of reinforcing metal, 
but the stress in the reinforcing ring is only 7700 lb per sq in., 
representing 70 per cent utilization. This example shows the 
impossibility of getting full value out of both the reinforcement 
and the annulus of plate inside the circle where the reinforcement 
is attached, if this latter circle is but a small amount greater than 
the hole in the plate. 


Appendix 


The equations for a stretched flat plate of constant thickness 
having conditions symmetrical about a central axis are: 


B 
= Ar+-— 


where r = distance of any point from the axis, and A, B are con- 
stants determined by the boundary conditions. Combining the 
stress and strain equations, we have 


A B A B 
E 


For an unreinforced plate, there are only two constants to be de- 
- termined, requiring two boundary conditions. For example 1, 
these are: sy = s whenr = ©, 8, = Owhenr =a. Hence, from 
(1 — u)s (1 + u)a’s 
gE’ E 
tion of these in the foregoing equations for s,, s:, and u, gives the 
a stress and radial displacement at any point. 
For a plate with a narrow saintonaing ring, examples 2, 3, and 4, 


8 
= the quantities for the ring being 


Substitu- 


_ the equations for sr, A = 


“ designated by primes. The boundary conditions are: st = 
—s,-'t’ when r = a, wu = ku’ when r = a, = s whenr = ~. 
_ (1 + u)kat — (1 — 
E kat + (1 + u)H , 

For a plate with a wide reinforcing ring, example 5, there are 
two systems of equations and four constants, A, B, A’, B’. The 
four boundary conditions are: sr = s whenr = ©, 8st = —s,’t’ 
when r = a, u = wu’ whenr = a, and sy’ = Owhenr = b’. The 
AG, 4 radii for the plate and ring are assumed equal. Hence: 


2t'(b’? — 


p= “la 


_ 20 — p)a’s 
a 


WEL 
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where L = (; ) a? + (: + ) 
l1l+u t t 

A plate with a reinforcing ring concentrated on a circle of ra- 
dius ¢, larger than the radius of the hole, will have three systems of 
equations. Designating the quantities for the ring by primes, 
and those for the plate between radius a and radius ¢ by double 
primes, the boundary conditions are: st — s,"t + s,'t’ = 0 when 
r =c, 8" = Owhenr =a, s = swhenr = ~,andu = u’ = u” 


when r = c. Also, as in example 2, —s,’t’ = and u’ = 


Hence: 
A 


E ‘tal + — + (1 + 


2(1 


H 
E + + (1 + u)?2a?] 


2(1 + 


1 
u*)c? + (1 + 


Discussion 


C. W. Osert.'! Professor Waters has very definitely outlined 
the objectives of the actual tests as made, but he has not under- 
taken to explain the reasons for the need of such experimental 
data. The writer will, accordingly, add some comments on this 
phase of the question. 

The actual need for data along this line arose when the rules of 
the A.S.M.E. Boiler Construction Code were amplified in 1931 to 
provide for fusion-welded construction. It was then, and only 
then, that the outstanding difference between welded and riveted 
connections for attaching nozzles and other connections to shells 
or heads became apparent. The riveted attachment is capable of 
considerable slip or ‘“‘give’”’ before an overload will drive the plate 
metal thoroughly into contact with the rivets, and in the process 
of such slight deformation the structure usually resolves itself 
into somewhat stronger shape. Such is not the case with a 
welded attachment, however, as if the connection is strength- 
welded and the weld is thoroughly fused to the base metal, there 
is no “give” and the welded joint assumes the entire load from the 
outset; this is the reason for a number of failures that were not at 
first understood. 

This characteristic of the welded joint has revealed many 
points of weakness in customary forms of attachments using 
flanges and fillet-welded connections; these weaknesses have been 
more apparent in nozzles, manhole frames, and the like where re- 
inforcements are considered necessary. Probably the outstand- 
ing feature of this development was the revelation of the in- 
effectiveness of the ordinary nozzle-reinforcing pad as commonly 
attached by methods simulating a riveted connection. It soon 
became evident that welded attachments demanded a very 
different method of treatment if efficient transfer of stresses from 
shell to pad was desired, but there seemed to be no way of learn- 
ing how to work this out unless an extensive series of tests was 
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carried out to determine the actual effect of stressing various 
forms of riveted and welded attachments. 

A few individual tests of certain forms of reinforcing construc- 
tion were made by some concerns that had specific problems to 
handle, but the results from these were far from comprehensive. 
It was not until Mr. J. Hall Taylor, of the Taylor Forge and Pipe 
Works, volunteered to conduct a series of tests that there ap- 
peared to be any hope of securing these much-needed data. 
Mr. Taylor made comprehensive plans for this investigation. 
He retained Prof. E, O. Waters, assistant professor of mechanical 
engineering at Yale University, to consult and advise on the tests 
and to analyze the results. The work of testing was carried out 
in the testing laboratory at the Taylor plant in Chicago, with 
Mr. W. L. Bowler in charge of the testing crew. Mr. Taylor 
consulted frequently with the Boiler Code Committee in order to 
work out the most needed phases of the problem, and both Mr. 
Taylor and Mr. Bowler appeared from time to time before the 
Boiler Code Committee to present preliminary reports on the 
test results and to discuss the progress of the tests. 

During the winter of 1931-1932, the Boiler Code Committee 
was confronted with some unusual problems in regard to the re- 
inforcement of openings, and Mr. Taylor contributed freely of 
the data they had obtained from the tests up to that time. 
He also offered the committee the assistance of Mr. Bowler on 
several different occasions. It was largely on the basis of these 
test data that the new rules for reinforcement of openings were 
issued in 1932 in the form of revisions of pars. P-268 and U-59 of 
the code. These rules introduced a new and different method of 
computing the required reinforcement of any opening in a shell 
or head. They are adequate and comprehensive, and they have 
done much to enhance the value of the welding rules in the code. 
They are logical and cover all imaginable cases of nozzle construc- 
tion. It is interesting to note that they constitute the first set of 
rules for this purpose that has appeared in any code in the world. 

The experimental work reported in this paper has certainly had 
a profound effect on the design of nozzles and outlet connections 
for use on pressure vessels. Comparative data were produced 
that proved the theoretical estimates of the concentrations of 
stress at openings, and they were sufficiently quantitative to be 
definitely useful in studying the minimum requirements for 
safety. Without these data the recent revisions of pars. P-268 
and U-59 could not have been made so complete and compre- 
hensive. The Boiler Code Committee is therefore indebted to 
Mr. Taylor and is grateful to him for his cooperation. It is ap- 
preciative of his generosity in making this investigation possible, 
and recognizes the public-spirited attitude he has shown. 


A.M. Want.'? The authors are to be congratulated on having 
made a start toward a solution of such a difficult problem as that 
involving stress conditions near the openings of pressure vessels. 

In connection with the use of a Berry strain gage, the writer 
believes that the use of an instrument for measuring curvature 
would also be of advantage. If both the strains and the changes 
in curvature on the outside of the tank wall are measured, then it 
is a simple matter to calculate, not only the stresses on the outside 
of the wall, but also those on the inside. It may possibly be that 
in certain cases the latter are greater. 

In connection with these tests on the effect of holes in pressure 
vessels, some recent photoelastic work which has been done by 
the writer in collaboration with Mr. R. Beeuwkes may be of inter- 
est. This work had to do with finding stress concentration fac- 
tors K (i.e., ratios of maximum stress to average stress in the 
minimum section) -for bars of finite width with holes under ten- 
sion and will be reported on in a future publication. A sketch of 
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the case considered is shown in Fig. 15. Here is also shown the 
stress-concentration factor K plotted against the ratio d/w = 
diameter of hole/width of plate. The small circles represent test 
results by the writer and Mr. Beeuwkes, using the photoelastic- 
fringe method and monochromatic light. The triangles repre- 
sent photoelastic test results reported by Hennig, '* the black dots 
similar results reported by Coker,‘ and the half-filled circles 
those of Preuss,'® who used extensometer methods. The dotted 
curve is based on mathematical calculations by Howland.'* 
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The small square represents an extensometer test on a steel 
model having a hole with a diameter nearly equal to the bar 
width. It may be seen that the writer’s test results agree well 
with the mathematical results of Howland and are in general 
higher than those of the earlier investigators, a fact which may be 
explained by the difference in the methods used. It is note- 
worthy that even for a bar with a hole of diameter 0.97 of the 
width the factor K is still nearly 2. 

While the case represented in Fig. 15 is considerably different 
from that of a pressure vessel with an unreinforced opening, the 
results may possibly be of some interest in this connection. 


C. G. WiiiraMs.'’? No attempt will be made to give a true 
discussion of this paper, which without doubt is the best one ever 
presented on the subject, both as to means of performing the 
tests and of arriving at the formulas presented. The writer 
cannot hope to add to the facts presented in the paper, but he will 
give some facts regarding effects that have come to his notice 
as a foreman in railroad shops. He does not know why these 
things happen, but he does know that occasionally they do hap- 
pen, and without resort to systematic tests, such as the authors 


13 Forschung, vol. 4, no. 2. 

14 Proc. Lond. Phys. Soc., 1912-13, p. 95. 

18 Forschungsarbeiten, no. 126, 1912, and no. 134, 1913. 

16 Phil. Trans. Royal Society, A, 1929, p. 49. 
’ 17 Chief Engineer, Green Bay Barker Machine and Tool Works, 
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have carried on, he has tried to formulate a reason for their occur- 
rence. 

In this discussion five drawings will be given, Fig. 16 being the 
horizontal section of a steam dome as applied to the boiler of our 
oldest types of power and is made up of three parts. Fig. 17 isa 
view of the same dome when looking down upon it. Fig. 18 is 
a view of a two-piece dome as used some years ago on the largest 
power then in use. Fig. 19 is a view of the dome, formed from 
one piece of metal, that is used on modern locomotives of the 
largest types. 

As the checks or cracks shown in Fig. 17 are those also en- 
countered in steam dome tops as depicted in Fig. 18, no separate 
top view is given of this dome. In the case of Fig. 19, only one 
dome has shown signs of cracking, to the writer’s knowledge, and 
this case was only a slight crack that might be termed a fatigue 
crack from breathing in the knuckle and one short crack at the 
opening, but on the opposite side of the dome, and which would 
therefore be similar to the cracks shown in Fig. 17. 

An outline will also be given of the barrel and throat sheet of a 
locomotive boiler for a use that will be explained later and which 
was made necessary by a question asked at the meeting. 

In Figs. 16, 18, and 19 are shown the usual location of breathing 
cracks, and in Fig. 17 is shown the extent to which they may 
spread. This figure also illustrates the manner in which they 
may join up with the cracks originating from the dome head 
opening as at F and H; there also is shown at z and y how some 
of the cracks extend from the dome-head opening that have no 
relation whatsoever to the breathing cracks. 

In some cases these cracks have been chipped out and electric 
welded so successfully that they have been in service for at least 
three years and no failure has been recorded. Before the advent 
of electric welding, these checks or cracks had in some cases been 
chipped out and a copper strip dovetailed in place so that the 
locomotive could be continued in service. One such case was 
noted after 12 years’ service in a switch engine. 

In the case here presented, that part of the crack, Fig. 17, from 
A to B and from C to D is caused by breathing, but what actually 
causes the crack from A to F and from D to H? It must be 
remembered that the opening is covered with a circular, slightly 
crowned steel plate fully as thick as the metal in the dome head, 
in most cases 1!/, in. thick, machined around the outer edge for 
approximately 1'/, in. width to form a bearing seat. Generally 
this seat is grooved slightly to hold a copper-wire gasket. There 
is a ring machined around the opening in the dome head corre- 
sponding to that on the cover. This machined portion reduces 
the thickness of the metal approximately 1/;. in. In this faced 
portion of the head is drilled a series of holes that are tapped with 
a tapered tap, 12 threads tothe inch. In these holes are screwed 
the studs that retain the cover in place. 

In some few cases where the dome heads have cracked from 
breathing only, the crack has been filled up with an electric weld 
to keep the locomotive in service, and up to date the writer does 
not know of one such welded dome head that has failed in ser- 
vice and of only one that has opened up new cracks. In this one 
head, apparently the new crack started at the edge of the opening, 
passed through a stud hole, and continued to a breathing crack 
nearly 1 in. from the weld. The new crack traveled around the 
end of the weld, but had no connection with it. 

Though but one welded head has failed by cracking from the 
opening outward, several have failed from cracks in the knuckle 
and have been removed. In those cases where breathing cracks 
have extended into the opening or where breathing cracks and 
opening cracks have existed in the same head, that head has been 
removed and a new one put in place. 

On one or two occasions a section of metal that would be 
bounded roughly by the lines FAB and CDH, Fig. 17, prolonged 


134 _ TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


until they meet, has been torn completely away. In other cases, 
the cracks have been detected, and the dome head has been re- 
placed. 

Though having no connection with the subject, the writer will 
mention that cracks have appeared in the throat sheet, Fig. 20, at 
points say A and B. These have been variously designated as 
tension cracks from internal strains, as embrittlement cracks, 
and as breathing cracks. 

In Fig. 20, it will be noticed that the boiler is supported at the 
front end on the cylinder saddie; then on two belly braces (in 
some cases on old types of locomotives only one belly brace and 
in some cases with the largest types of power three or four belly 
braces); at the front end of the firebox is an expansion pad and at 
the rear of the firebox may be either a brace or another expansion 
pad. 

The question was asked if cracks in the dome head were on the 
longitudinal axis more often than on the lateral axis. The answer 
is, in all locomotive boilers there is a tendency for the boiler to 
sag in the center, where supported by the belly braces, from the 
weight of the boiler shell and the enclosed water. This has been 
so pronounced in some cases that the bolts in the bottom of the 
braces have been sheared off and the plates forced off the ledge 
machined for their support. This might cause the belly of the 
boiler to assume the shape of the dotted lines, Fig. 20, and the 
back or top of the boiler to assume a similar contour. This it is 
believed would tend to cause a closing up of the cracks in the 
dome where they show on the lateral axis. However, they do 
appear fully as often on the lateral as on the longitudinal axis. 

A suggestion was made that the older types of dome heads 
might be more prone to crack than would the new types of dome 
in use on modern heavy locomotives and illustrated by Fig. 19. 
The writer would say that he has seen one of these low one-piece 
domes crack in the knuckle and also has seen cracks from the 
opening outward, but in none of them were sections of the dome 
head completely surrounded by cracks, and in no case did 
breathing cracks and opening cracks tend to extend until they 
met. 

It was also suggested that the stud holes might be a source of 
weakness, but the writer has seen the cracks open up between 
the studs as well as through the stud holes, as illustrated in 
Fig. 17. 

In a paper (A.S.M.E. meeting, December 2 to 6, 1926) Freder- 
ick G. Straub, of the University of Illinois, on ‘‘Recent Instances 
of Embrittlement in Steam Boilers,” gives a record of failures 
that had been shown to be the cause of cracks in throat plates 
(A and B, Fig. 20), but an examination of steam-dome cracks and 
checks has not shown any tendency toward embrittlement, al- 
though metallurgical examination of the steel in one cracked dome 
head did show a grain structure at the edge of the opening and 
extending outward toward the knuckle some 2 in. that indicated 
an overheating of the plate at some time during fabrication. 

In the paper, ‘Fracture in Boiler Metal’ (A.S.M.E. meeting, 
June, 1930), A. E. White and P. Schneidewind, of Ann Arbor, 
Mich., state: “Failure in mild carbon steel through tension seems 
to start in the relatively strong but brittle pearlite constituent.” 
Again, referring to fatigue cracks: “Cracking does not proceed 
through the pearlite grains. The pearlite undoubtedly transmits 
the stresses to the next ferrite grain, which will then crack in the 
usual manner. When actual fracture occurs, the pearlite fails 
because it alone is bearing all the load.’”’ The writer has found 
the same condition to show in embrittlement cracking. It is 
believed that the cracks in the knuckle of the dome head are the 
result of fatigue produced by breathing, but this may be induced 
by the methods of fabrication of the head. 

F. H. Moore, “Tests of the Resistance to Repeated Pressure of 
Forged, Riveted, and Welded Boiler Shells” (A.S.M.E. meeting, 
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Detroit, June, 1930), referring to the test of a manganese-steel 
test drum, states: ‘“The measurements of stress during this test 
showed no evidence of appreciable distortion of the drum, except 
in the immediate vicinity of the crack;’’ and again in referring to 
the fracture of a seamless forged test shell, states: “It was quite 
evident that this tapped hole 
acts as a region of stress concen- 
tration, where a spreading fa- 
tigue crack is likely to start.” 
The crack in the manganese- 
steel drum started at the edge 
of a manhole opening. This 
and welded, 
but no statement was made of 
the method of weld nor the 
nature of the weld except that: 
“After 143 additional cycles of 
pressure, the drum head split 
violently through the crack re- 
paired by welding.”” This would 
infer that welding was a danger- 


was chipped out 
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ous procedure. The writer has 
found welding with the acety- 
lene torch to give the same 


results, while good electric welds 
have given the best of results. 
An interesting study that 
might give some light on con- 
structive analysis is the paper 
by W. M. Coates, Ann Arbor, 
Mich. (A.S.M.E. meeting, De- 
cember, 1929), “The State of 
Stress in Full Heads of Pressure _ 
Vessels,’’ wherein he shows that 
breathing effects are not only 
shown in the knuckle of the 
head, but also throughout the 
surface of an ellipsoidal head. 
The question would naturally 
arise, if this condition exists, 
whether it would not be possi- 
ble that the cracks in the cir- | 
cumference of the opening in 
the heads of pressure vessels are 


Genera/' Location 


| 
Fig.l6 


Figs. 16 To 19 


of Breathing Crack$ 


> (Fig. 16 Three-Piece Locomotive Steam Dome. 
Fig. 18 Two-Piece Dome. 


Cracks OccurRING IN STEAM Dome oF OLD-TIME AND OF MODERN LOCOMOTIVES 
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ete., checks start in the stiffest section of the metal because of 

resistance to flection. Howe, ‘‘Metallography of Steel and Cast 

Iron,” p. 296, states: ‘The path of deformation and rupture is 

governed first by the nature of the existing stresses and second 
by the properties of the material itself.” 


| 
Fig. 18 


Fig. 17 Typical Cracks in a Steam Dome. 
Fig. 19 Modern One-Piece Dome.) 


the effects of fatigue from those 


very conditions imposed on the ee 
metal of the head and localized = Frame? 
by some defect in the contour 


of the opening caused in fabri- 
cation, or perhaps by inclusions 
in the steel. 

Formerly it was thought that this cracking was the result of 
internal strains, but for at least 14 years dome heads have been 
annealed after processing and still failures have resulted. 

The question was asked if, as all steels are not homogeneous 
but contain dirt spots, blowholes, gas pockets, or various forms of 
inclusions, it could not be that these could have started the 
cracks referred to. The answer is that, in one case at least, an 
examination of the metal in the head, which was sawed in several 
pieces, showed that the metal traversed by the crack was homo- 
geneous without inclusions of any type, but there was a spot, 
let us say at P, Fig. 17, that was full of dirt and other inclusions, 
but for some reason the crack, either the radial or the breathing, 
did not extend in that direction. It has seemed to the writer 
that in these types of usages of materials, such as in locomotive 
steam-dome heads, air-reservoir heads, hydraulic-tank heads, 
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THROAT SHEET FAILURE AND BorLer SaG 


The writer does not know what causes these radial cracks from 
the opening in the head. It may be fiber stresses that are in ex- _ 
cess of the tensile strength of the steel, as suggested by Mr. p 
Waters, and it may be that the machining of the edge of the — 
opening for the seat for the dome cap weakened the edge of the Ph 
opening so that excessive fiber stresses were generated. How- = 
ever, this must be determined by test. 


W. Trinxs.'* These experiences of Mr. Williams lead me to 
believe that, in addition to the stresses mentioned by Mr. Taylor 
and Professor Waters, other important stresses enter, which ac- 
count for the failures described by Mr. Williams. Professor 
Waters has shown that in an unreinforced hole the stress at the 


18 Professor of Mechanical Engineering, Carnegie Institute of Tech- 
— Pittsburgh, Pa. Mem. A.S.M.E. 
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edge of the hole is very high. From theory it is known that in a 
flat circular disk the stress at the edge of the hole equals twice the 
average stress and that it drops off rather quickly as we go away 
from the edge of the hole toward the solid metal. Using Mr. 
Williams’ sketch, the writer has indicated roughly how that stress 
would distribute itself near the edge of the hole. In addition to 
these stresses we have magnification of stress around the stud 
hole. 

These studs seem to be dangerously close to the inner edge 
of the hole, and since around these stud holes we have a mag- 
nification factor of three, it appears that at the edge of the 
stud hole the stress may be even higher than it is at the edge of 
the center hole. In that way we would exceed the elastic limit. 

With regard to exceeding the elastic limit, no harm is done as 
long as we deal with a fairly constant pressure in the pressure 
vessel. When the elastic limit is exceeded, in simple theory 
those parts which are more highly stressed can yield and can shift 
the stress to their neighbors which are not stressed so highly. 
Then if we have a material which does not flow-harden to any 
extent, no harm is done. We must never forget that the shrink 
links in flywheels always work at the elastic limit. All the 
rivets in bridges are continually stressed to the elastic limit, and 
yet we are not afraid to walk across the bridge on account of that 
fact. 

Boiler tubes and other boiler parts are strained beyond the 
elastic limit due to heat expansion and contraction, and yet 
nothing untoward happens. 

Matters are different if we use a material which does not possess 
sufficient deformability beyond the elastic limit or which by form- 
ing below the critical temperature has been stressed in such a 
way that its additional deformability is limited; in that case a 
crack may easily occur. 

From the fact mentioned by Mr. Williams that the crack runs 
radially outward and then becomes peripheral or circumferential, 
the writer judges that there is an initial stress in the corner of the 
dome. The circumferential crack may be due to the residual 
stresses left over from the fabricating of the material. If the 
material is bent below the critical temperature, and is bent so as 
to get a permanent set, then and in that case the stress distribu- 
tion in the bent plate is as indicated in the left-hand part of Fig. 
22. The stress distribution then consists of approximately two 
rectangles. The instant the bending action stops, the material 
of the curved plate springs back to such an extent that no free 
moment is left. The back spring is elastic, with the result that 
the stress distribution in the plate after bending is as indi- 
cated at the right of Fig. 22. In other words, we have residual 
stresses. 

Now, if we put the pressure on the vessel, we can readily exceed 
the elastic limit in the bent section, although our calculations 
apparently show that we are safely below the elastic limit. If the 
pressure in the vessel goes up and down, we may even have alter- 
nations of stress in places where we do not expect a change in 
direction of stress. 

With regard to the fact mentioned by Mr. Williams that some 
of the domes broke while others did not break, it should be stated 
that steel is not a homogeneous material. It is full of phos- 
phides, sulphides, oxides, and sand, not to mention small par- 
ticles of refractory material which may have been torn loose from 
the lining of the ladle or the pouring nozzle. If a piece of foreign 
material happens to be at the region of very high stress, we have 
another very high concentration of stress, because the foreign 
particles are as a rule rather jagged, which means that the stress 
is magnified by more than three. This fact would easily explain 
the circumstance mentioned by Mr. Williams in his discussion 
that only a certain number of the steam domes let go, whereas 
others held and stood the tests very well. tars pag 
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The problem of 
reinforcement of vessel openings has been actively discussed for 
several years, but prior to this 


paper, no work of sufficiently 
general character to establish 
7 _ the problem on a sound basis 
we has been published. Isolated 
measurements of strain have 
been available and also some 
theory, but much of the latter 
appears to have been developed 
from statical rather than from 
elastic considerations. Perhaps 
the necessities of construction 
that have produced the empiri- 
cal rules for reinforcement have 
retarded rather than advanced 
a knowledge of this subject. 
The paper exhibits a thorough 
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understanding of the underlying theory. The correction of the 
relationship between stress and strain for two-dimensional stress 
systems has not been over-looked. Important points that are 
emphasized are: 

1 Rigidity as well as strength is required by reinforcement. 

2 Reinforcing metal should be concentrated nearer the 
opening than is now customary. 

3 The possibility of the use of excessive reinforcing metal 
exists. 

These points do not seem to have received much previous at- 
tention, but confirm the writer’s conclusions. 

Perhaps an easy method of visualizing reinforcement is to con- 
sider an unstressed shell with a set of concentric circles drawn on 
its surface. When the shell is subjected to internal pressure, the 
circles become slightly elliptical, but this deformation is com- 
parable with that in other parts of the shell not near points of 
localized stress. For purposes of this illustration, these deformed 
circles will be designated as normally strained circles. If it is an 
experimental possibility to remove the shell metal inside one of the 
circles and still subject the shell to internal pressure without re- 
inforcing the shell metal around the hole, the circles will be 
strained beyond their normal deformation. Perfect reinforce- 
ment will maintain all the circles in their normally strained con- 
dition, but if any of these circles are strained either more or less 
than that designated as normal, the reinforcement is not perfect. 
Although this illustration neglects flexural strains, it is accurate 
enough to establish the importance of rigidity. No matter how 
large is the reinforcement or how strong is the reinforcing metal 
statically, it does not constitute perfect reinforcement unless the 
normal deformation of the circles is maintained. 


19 Chief Engineer, Standard Oil Company (Indiana), Whiting, 
Ind. Assoc-Mem. A.S.M.E. 

20 Designing Engineer, Standard Oil Company (Indiana), Whiting, 
Ind. Jun. A.S.M.E. 
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The discussion of elastic analogs is of considerable interest, and 
while these analogs do not represent a perfect picture of vessel 
reinforcement, they are, as pointed out in the paper, ‘‘approxi- 
mate enough to serve for comparative purposes.” An investiga- 
tion of these analogs has been in progress in the Engineering De- 
partment of the Standard Oil Company of Indiana since 1929. 
In 1930 stress and strain equations, similar to those given in the 
paper, were developed for the analogs shown in Figs. 23 and 24. 
The basis of calculation for the analog shown in Fig. 24 is that at 
the juncture of the plate and ring the total radial load per inch 
of circumference of the juncture is the same for both the plate 
and the ring, and uniformly distributed over the edge of each. 
Naturally this assumption becomes decreasingly accurate as the 
ratio of the ring and plate thicknesses increases. Stresses de- 
rived from the analog of Fig. 24 are plotted in Fig. 25. This 
chart shows that perfect reinforcement is attained at approxi- 
mately the following conditions: 


External radius of ring 


= 1.35 


Internal radius of ring 


Thickness of ring 
Thickness of plate 


However, when the thickness of the ring is 4.5 times that of 
the plate, the validity of the assumed conditions of stress and 
strain at the juncture of the plate and ring appears extremely 
doubtful. Owing to the inaccuracy of these assumptions, the 
chart probably is of no great value, but it appears to indicate the 
advantage of massing the reinforcement nearer to the opening. 

To eliminate to some extent the doubtful assumptions of the 
analog of Fig. 24, a more accurate elastic analog, shown in Fig. 26, 
has been studied. Here the component parts are the infinite 
flat plate, the conical fillet ring, and the flat ring. While the 
assumptions of this analog are by no means perfect, they are 
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certainly more accurate than those for Fig. 24, as long as the 
angle remains reasonably small. 

The conditions of equilibrium are that the radial and tangential 
stresses and displacements of each element must be equal at each 
of the two junctures. These conditions are eight in number, but 
immediately reduce to four, because the displacement equations 
for the three elements are identical and depend on the stresses. 

The equations for the infinite flat plate and for the flat ring are 
drawn as before from the results of Lamé. It is not necessary to 
employ the Airy stress function for this special symmetrical case 


Type Ong ANALOG 


~—REINFORCING RING 


TOTAL LOAD 
ASSUMED EQUAL 
FOR BOTH RING 
AND PLATE 


Fig. 24 Two ANALOG 
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of the infinite flat plate; Lamé’s results with an infinite external 
radius suffice. 

The equations for the fillet ring are obtained from Martin’s 
solution of the conical disk (Engineering, London, Vol. 115, Jan., 
1923, p. 1). The differential equation is of the hypergeometric 
form. Consequently, the solution is the hypergeometric series 
(A. R. Forsyth, ‘A Treatise on Differential Equations,” Ed. 6, 
1929, p. 210, and others). This series solution does not compli- 
cate the problem excessively, but adds to the tedium of the com- 
putations. Martin’s results, required for this problem, are given 
in Table 3. 

The important stresses are those at the juncture of the infinite 
flat plate and the fillet ring and at the edge of the hole. Of these 


" RING 


THICKNESS OF RING DIVIDED BY THICKNESS OF HEAD PLATE a 
ce] 6.0 


5.0 


4.0 


STRESS INTENSIFICATION IN HEAD 


20 


30 8625 20 LS Lo 


EXTERNAL RADIUS OF RING DIVIDED BY INTERNAL RADIUS ~ 


Fic. 25 Srresses ror Type Two ANALOG 


four stresses, it is sufficient to calculate the tangential stress at 
the edge of the hole, and the radial stress at the juncture of the 
infinite flat plate and the fillet ring. The remaining two stresses 
follow at once from the first two. To make the study more com- 
plete, the effect of internal pressure on the edge of the hole is in- 
troduced. 

The notation necessary for a brief statement of the equations 
involved in the stress-and-strain solutions of the analog of Fig. 26 
is as follows: 


unit tangential stress at any radius 
unit radial stress at any radius 
T/S 

= R/S 
specific radii (used with the foregoing) 


it 
J | 


S = 

P= 

U= 

a= 
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= external radius of fillet ring a = 


tension 
compression 


II 


unit stress in flat plate at infinite dis- + 
tance from hole = 
unit internal pressure ’ a 
radial displacement For the determination of the two important stresses the neces- 


eatin i For an infinite flat plate: 
radius of hole 7 
external radius of flat ring R=S +° - 


@ OF HOLE “(Re 


> For a fillet ring: 


R = Ap, Bps 


4 T = Aq, + Ba: 


For a flat ring: 


2h2 
Pa? + (Re 
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NOTE: a*b 
CALCULATIONS ARE BASED ON INTEGRAL PLATE AND REINFORCING Pa? + Reb? + —> (Ro + P) 
RING CONSTRUCTION. SKETCH SHOWS HEAVY WELDING APPROXIMAT- a ete ha 
ING THIS INTEGRAL CONSTRUCTION. 4 
ONSTRUCTION b a 
CALCULATIONS FOR I0"DIA HOLE IN PLATE I" THICK For the three elements: ry ba uiio-<a 
(AREA MAXIMUM STRESS RATIOS Be om. . 
R r 
AOLe x Y x Y x Y 
2.01.901.95 110 | 10.56 we 1.056 | 02) 134] 1.01) 1.40] 1.01) 1.46 To make the stresses equal at the junctures of the elements, 
1.6].90}.95| 8 | 844/48] .644] 1.10 | 1.42] 112 | 1.49] 1.15 | 1.56 four simultaneous equations are available: 
6 | 6.75|34| 2| .275 | 1.34] 1.60] 139] 1.69] 1.431 1.77 
10 | 11.18 [40] 3 [2.236 | 1.16 1.01] 1.14] 1.07] 1.13) 114 Apre — = Re 
8 | 8.94/47] 3 | 1.388 | 1.06] 1.09] 1.04] 1.17] | 124 Aq + Bare = 2S — R- 
7 | 7.82] 51] 3] .964 | 1.03] 1.07| 1-27] 1.11] 
6 | 6.71/55] 3 | .542 | 1.21| 1.35] 1.45] 1.32) 1.55 Pub Pr . 
6.75] 11.05] 22/4.5| 2.380] 1.17 | 0.82] 1.16 | 0.90] 1.14 | 0.98 2P + Ro(K? + 1) 
Aq + = 
Fic. 26 Type THREE ANALOG 
Q = radius of periphery of conical disk ex- Additional relationships « 
tended T. = 2RoK*? + P(K* + 1) 
a =angleof fillet | - 
K» = b/Q q 
K. = c/Q The method of solution is to express the various stresses, and 
r = any radius os 7 . the internal pressure, as ratios of the stress S at infinity. Then, 
T, = thickness of plate by means of determinants, and six additional functions derived 
a T, = thickness of flat ring from Martin’s four functions, the following stress expressions are 
Pi, P2, Qi, = Martin’s stress functions for a conical obtained: 
disk p 
H, IV, V, VI = extensions of Martin’s functions | — + 
A, B = constants of integration 


P 
— V — Vie 


2 
8.890 2 
5.554 K7—lI 
4.276 2 
3.557 2 
3.111 2 
2.794 3 
2.556 3 
2.369 3 
2.217 4 
1.983 5 The six extensions of Martin’s functions are defined as follows: 
1.890 6 
1738 10 HI 
1.674 14. I Pre + ic) qib(Gee Pre) + 2 
136536. 
1.518 77 
1.475 288 IT = + — — — 2 
1.435 


| 
POINT X+\| | POINT Y 
7 
: 
0.95 20.645 0.0555 
0.90 10.620 0. 1203 
0.85 7.263 0.1995 
ers 0.80 5.563 0.2971 
& 0.75 4.559 0.4161 
0.60 3.021 0.9988 
0.55 2.733 1.309 
0.50 2.501 1.743 
0.45 2.311 2.328 
0.40 2.151 3.158 
0.35 2.015 4.387 
0.30 1.898 6.371 
c= 0.25 1.796 9.553 
0. 
| 0.10 1.559 66.62 
0.05 1.497 273.40 
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TABLE 4 EXTENSIONS OF MARTIN'S FUNCTIONS 
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Some values of these functions are given in Table 3. Extensions 
of Martin’s functions are given in Table 4. 

In Fig. 27 and in the table of Fig. 26 a few results of calculations 
of stress in this analog are given. Slight irregularities in the 
curves of Fig. 27 are no doubt due to errors in the calculation of 
the ordinates. These computations are not checked at present, 
but it appears that they are, in general, accurate. An exhaustive 
study of the stress functions has not been made, but in so far as 
the computations are completed, they indicate: 

1 Perfect reinforcement is not attained by this analog. 

2 Excessively heavy reinforcement rings are required for the 
maximum elastic reinforcement. 

3 Considerable reinforcement is provided by rather small 
rings. 

4 A comparison of line | and line 6 of the table of Fig. 26 indi- 
cates a considerable advantage in massing the reinforcing metal 
nearer the hole. 

It should be noticed that the values tabulated in Fig. 26 are for 
the same example discussed by the paper. Variations in the 
size of the hole and the thickness of the metal may have a con- 
siderable influence on the shape of the optimum reinforcement. 
These points have not been investigated. It should be noticed 
also that the fillet ring assumed for the analog of Fig. 26 is a part 
of a conical disk. It is possible to employ a fillet ring with 

curved fillets by using Stodola’s solution (Prescott, “Applied 
Elasticity,” 1924, p. 343). It may be possible to extend the 
methods described in this reference to determine a better profile 
_ for reinforcing rings. 
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If it is reasonable to draw conclusions about the reinforcement 1 | 
of openings in vessels from the elastic behavior of this analog, it | | | 
might be said in conclusion that: 090 an tas 080 060 050 040 030 0% 045 030 020 ON 

1 It does not appear practicable to attempt to reduce the 030 050 065 020 040 
elastic stresses below 130 per cent. Values of Kr, 


2 For large holes in thin plates, the reinforcement should be Fic. 27 Srress ror Type THREE ANALOG 


0.95 0.95 000 3474 0.95 89.3474 of Pale 
0.95 0.90 000 80.9509 29.5700 51.3809 97.8441 90.2674 0.90 49.4024 
0.95 0.85 000 83.6229 41.5590 42.0639 107 . 8689 93.0066 0.85 36.8736 
0.95 0.80 000 90. 1608 49.4190 40.7418 119.9767 96.6771 0.80 31.1969 
0.95 0.75 000 99.0396 55.4541 43.5855 134.0772 100.7278 0.75 28.4385 
0.95 0.70 110.5860 61.0010 49.5850 151.3747 105. 4088 0.70 27.1158 TES 
0.95 0.65 124.9378 66 . 3666 58.5713 172.1404 110.7680 0.65 27.0266 
0.95 0.60 143. 5642 71.9706 71.5937 198.7307 116.9205 0.60 27 . 7886 
0.90 0.90 49.4024 0.0000 49.4024 49.4024 49.4024 0.55 29.3134 
0.90 0.80 51.3824 17.9321 33.4503 61.3491 51.4052 0.50 32.0156 
0.90 0.75 55.6859 22.6888 32.9971 68.7050 53.2228 0.45 35.9850 
= 0.90 0.70 61.6265 26.7436 34.8830 77.6731 55.4444 0.40 41.6856 
0.90 0.65 69. 2536 30.3907 38. 8629 88.3978 58.0713 0.35 60.2521 
0.90 0.60 79.2716 34.0162 45.2554 102. 1095 61. 1342 0.30 63. 4840 ; 2 
0.90 0.55 91.8418 37 .7862 54.0555 119.0323 64.7411 0.25 85.4324 
0.90 0.50 109.0362 41.9359 67. 1003 141.9330 69.0938 0.20 125.0571 
0.90 0.45 131.9710 46.7613 85.2097 172.3049 74.5235 0.15 208.7021 
0.80 0.0000 31.1969 31.1969 31.1969 0.10 443.2174 
0.80 0.65 10.5440 29.4305 45.9143 33.2028 0.05 1670. 5984 
0.80 0.60 13.2048 32.2168 53.1820 34.5469 
0.80 0.55 15.8184 36.5403 62.1103 36.2303 
0.80 0.50 61.9377 18.5562 43.3815 74.1553 38.3423 - 
0.80 0.45 74.7779 21.6054 53.1714 90. 1037 41.0475 
0.80 0.40 92.4705 24.9013 67.5692 111.9171 44.2015 
0.80 0.35 118.2894 28.9335 89.3560 143.6033 48.3784 = 
0.80 0.30 157.7910 32.7890 125.0020 191.9508 52.4389 
0.80 0.25 223.1116 40.5426 182.5690 271.7691 61.3301 
0.80 0.20 341.7525 50.3930 291.3595 416.6152 72.8477 
0.80 0.15 595.0413 64.3789 530.6624 725.7121 89.4583 
0.70 0.70 27.1158 27.1158 27.1158 27.1158 
0.70 0.45 54.8353 42.6978 62.2836 31.5805 in 
0.70 0.40 67.6874 52.9322 77.4676 33.5865 i 
0.70 0.35 86.4786 68.5983 99.4934 36.3281 
0.70 0.30 115.2603 94.4081 133.0735 39.0099 > 
0.70 0.25 162.8865 136.2370 188.4844 45.0594 
0.70 0.20 249.4205 215.4608 289.0119 52.9458 
0.70 0.15 434.1976 389.9223 503.5053 64.3761 a- aig 
0.70 0.10 957.6145 894.4831 1110.8815 85.7845 
0.05 3739 .6038 3645 .9970 4238 .6151 120.7142” 
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massed nearer the hole; for small holes in heavy plates, the 
reinforcement should be extended further from the hole. 

3 The conclusions of ‘‘2”’ may make practicable the design of 
integral nozzle and reinforcement units by reducing the external 
diameter of the reinforcement and giving a reasonable length to 
the welded butt joint. While these joints have the advantage 
that they can be X-rayed, they are very difficult to make by 
welding. 

4 The fact that elastic stresses in excess of 100 per cent are 
indicated or observed does not mean that yielding before failure 
in a test to destruction will not sufficiently redistribute the 
stresses to cause ultimate failure in the uncut shell rather than 
at the hole. 

Additional relationships that may prove helpful in further 
studies of this problem are: 1 


Thickness of ring 


Thickness of plate 


Area ring and fillet (Ke — Kv)(KK» + — 2K») 
2K.(1 — Ke) 


Area hole 


. T. McLean Jasper.*!. The paper represents an attempt at 
analyzing stresses in openings which may be helpful in the work 
of design. Could the author state if the vessels before testing 
were completely strain relieved? Obviously, this could not be 
done with the riveted connections. 

The writer has discovered that in making tests of this kind the 
strains cannot be interpreted in terms of stress without running a 
risk of very much overestimating them in certain spots and un- 
derestimating them in others. He has insisted in going to the 
yield value of the steel in the vessel. This of course involves 
distortion. Finally, we have been able to test each vessel to de- 
struction, and this has confirmed our general test data. Inci- 
dentally, we have so tested 21 full-size vessels, and most of them 
with appropriately designed reinforcing, which allows us to 
readily state that the openings are as strong as the plain cylinder. 

In testing designs, we have almost completely discarded the 
strain gage and substituted lime wash to indicate the zones of 
first yield in various parts of the design. This eliminates as- 
sumption with reference to interpreting the test results. This 
was first done in conjunction with strain-gage measurements in 
which the obvious assumptions were used to interpret stresses in 
terms of strains. We discovered that our calculated stresses 
from strain-gage readings below the yield point did not check 
with the yielding of the lime wash nor with the final failure of the 
vessels. We therefore in subsequent tests put more reliability 
on the lime-wash experiments, and finally abandoned the strain- 
gage measurements altogether as being misleading at crucial 
points. Most of our test vessels were also strain-relieved befcre 
the tests were performed. 


At the time when the equipment was designed for these tests, 
and the first tests were run and preliminary reports worked up, 
the 1930 edition of the Boiler Code was in force. This edition 
was therefore used as a guide by the authors, and computations 
of maximum allowable working pressures, maximum permissible 
diameters of unreinforced holes, etc. were based upon the rules 


AvuTHoRS’ CLOSURE 


21 Director of Research, A. O. Smith Corp., Milwaukee, Wis. 
Mem. A.8.M.E. 
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set forth in this edition in its original form. As addenda sheets 
were issued from time to time, some of these rules have been 
modified. In particular, par. P-268 has undergone a major 
revision. 

It would be interesting to compare the reinforcement values of 
the various nozzles on the basis of the new rules with those in 
force three years ago. This, however, is really a side issue. 
The point to be noted is the use in the new rules of an important 
principle—namely, the concentration of all reinforcement within 
a definitely limited area bordering the hole. This is in exact 
agreement with the authors’ conclusions, and, in their belief, 
marks a notable step forward in the progress of safe pressure- 
vessel design. In this connection, the authors wish to express 
their deep appreciation of Mr. Obert’s remarks and to state that 
it has been a pleasure to cooperate with the Boiler Code Com- 
mittee in the solution of some of its problems. 

Dr. Wahl’s point regarding the measurement of curvature is 
well taken. There are undoubtedly marked differences between 
the tensions on the outer and inner skin of a vessel adjacent to the 
hole edge, but for a first study of the problem, it seemed to be 
hardly worth while to make any investigation beyond the outer 
skin. The authors admit that they have made little more than a 
start toward the solution of the problem, and in later investiga- 
tions would probably consider measurements of curvature. 

Professor Trinks has, we believe, pointed out the two most 
important causes of Mr. Williams’ difficulties—namely, high 
stress concentrations around the steam-dome opening for the 
cover plate and loss of strength at the knuckle due to cold work- 
ing. In addition, it is suggested that breathing at the knuckle 
could be minimized by better reinforcement of the main boiler 
shell at the point where the dome is attached to it. Possibly 
some of the designs to which Mr. Williams refers would not 
measure up to the requirements of par. P-268 (b) of the 1933 
Boiler Code. 

Messrs. Watts and Burrows have evidently been doing some 
searching analytical work along the same lines that the authors " 
have pursued, and it is gratifying to learn that they have, quite 
independently, reached the same general conclusions. The elas- 
tic analogs have been worked out in great detail, and it is hoped 
that they will be studied by designers who wish to make a more 
than usually careful analysis of their reinforcements. Another 
analog worth investigating is the combination of an infinite flat 
plate with a hole at its center, joined to a tube of infinite length; 
in this case the equations for a beam resting on an elastic founda- 
tion, with specific moments and shears at one end and zero loading 
at the other end, would hold. 

In reply to Dr. Jasper’s inquiry, the authors would state that 
the nozzles which were acetylene-welded to the shell were stress- 
relieved locally. In the last two tests the nozzles were electric- 
welded and were subsequently stress-relieved by bringing the 
entire vessel to the proper temperature. The lime-wash treat- 
ment certainly gives a good indication of the commencement of 
plastic strain, but in the present tests the authors wished to 
determine local stress distributions for a large number of different 
set-ups with the same vessels, and therefore did not wish to 
subject the vessels to the repeated overloads that the lime-wash 
method would have entailed. As a matter of fact, the vessel in 
test 116 was lime-washed, but the locations of initial plastic yield 
evidenced by cracking of the wash did not conflict with what 
would have been predicted from the strain-gage readings or 
adduce any facts with regard to the state of stress in the vessel 


that were not already known. 
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Graphostatics of Stress Functions ~ 


By H. M. WESTERGAARD,' URBANA, ILL. 


Graphostatics is interpreted here in the broader sense, advantages in economy of thought, and is used here. The t 

as statics in which geometry plays a part. A stressfunc- following stress functions are considered: (A) Two stress 7 


tion defines stresses or forces by its values or derivatives. functions for transverse shears in slabs. (B) Prandtl’s 
If a stress function associated with points of a horizontal | stress function for torsion. (C) Timoshenko’s stress func- 
plane is represented by elevations above this plane, a stress tion for the bending of beams. (D) The deflection of an 
surface is obtained. The geometry of such surfaces has’ elastic slab as stress function for the moments, shears, 
useful applications. Ordinarily, the stress functions are and reactions. (E) Airy’s function for a plane state of 
introduced through the differential equations of equilib- stresses in a slice. Discussions of the following subjects __ 
rium, and thereafter one may derive the geometry of the are added: (F) The analogy of slabs and slices. (G) 
stress surfaces. Instead, one may define the stress sur- Elastic weights for deformations of slices found as reac- 
faces by some of their geometrical properties, and after- tions in slabs. (H) Influence surfaces for moments and 
ward derive the differential equations. This scheme offers shears in slabs determined as Airy’s surfaces for slices. 


A—TWO STRESS FUNCTIONS FOR TRANSVERSE SHEARS = Qo, — Qom = Qmn. With m and n close together, the vertical 
IN SLABS shear per unit of length of the section will be represented as the 
IG. 1 shows a part of a horizontal slope of the surface in the direction mn. A section following a 
slab. The slab need not be homo- Contour line (curve of constant elevation) on the stress surface 
geneous and elastic. Within the Will be without vertical shears. The contour lines define “paths 
region R, which is bounded by a single of travel of shear.” If contour lines are drawn for equal small 
curve, there must be no vertical external intervals of elevation, their density represents the intensity of 
orces, but there may be horizontal ex- shear. Areas of the type /xdf, obtained in plane vertical sec- 
ernal forces. Points 0, m,andn,andthe tions through the stress surface, represent moments of the vertical 
urves C and C’ drawn from m to n lie ‘Shears. Thus the shaded area in Fig. 2 is equal to the sum of the 
vithin the region. Let Qmnand Q’mnrepre- ™moments of the vertical shears between A and B with respect to 
ent the sums of the vertical shears on Point O, and the resultant of these shears will be located as shown 
the vertical sections along the curves Cin Fig. 2. 
nd C’. The rule is adopted that such The second function to be considered is defined as a function of 
shears are taken positive upward when acting on the part on the deformations, but it becomes a stress function when the material 
left of the curve, the direction of the curve being indicated by +5 elastic, homogeneous, and isotropic. The usefulness of this 
the order of the letters in the double index. Equilibrium of ‘tTess function has been shown especially by A. Nadai.* It is 
the part of the slab between the two curves requires that Qn.  Tequired that there be no horizontal loads and reactions within 
= Q'mn. If C is replaced by some other curve from m to n within —- 
the region, the total vertical shear remains the same. Thus Qmn oe ae NOTATION 
depends only on the points m and n, and one may say that Qmn e° 
is the total vertical shear transmitted between m andn. Simi- 
larly, Qom is the total vertical shear between points o and m, 


Z, y, 2 = rectangular coordinates, z vertical 
£,n, ¢ = displacements in the directions of z, y, 


and Qon is the total vertical shear between points o and n. and z i . 
The stress surface f is now constructed by the following rule: 7% = normal stresses (positive as tension) 
The elevation at point o is chosen as fo. Then the elevation at and shearing stresses in the directions of 
any point m is defined as fm = fo + Qom. By this rule the eleva- 7 Ys and s sess aad ee ; 
tion at point n becomes fn = fo + Qon. It follows that the rise Yus Yer = detrusions in the directions of _ 
of the surface from any point m to any point n becomes fn — fm M», Mz, Muy, = bending moments and twisting moment | 
1 Professor of Theoretical and Applied Mechanics, University of | in a slab in the directions of z and y, per 


Illinois. Harald Malcolm Westergaard was born on Oct. 9, 1888, in ; - _ unit of width of section 

Copenhagen, Denmark. He received B.S. in Civil Engineering from 

the Royal Technical College, Copenhagen, in 1911; wasengagedin = = =~ iP,e = stress function, identified with points of 
the design of reinforced concrete in Copenhagen, Hamburg, and ——-_ a horizontal plane; elevation of a point 
London in 1911 to 1914; studied in Géttingen in 1913, in — on the stress surface 

1914, and at the University of Illinois 1914 to 1916; receivec 3 ahaa , c 
from the University of Illinois, 1916; Dr.-Ing., Munich, 1925; Dr. E = modulus of elasticity in tension and com 
Techn. (honorary), Copenhagen, 1929; and D.Sc. (honorary), Lehigh, pression when the material is elastic 


1930; has been on the faculty of the University of Illinois since 1916; : = Poisson’s ratio when the material is elas- 
assistant professor, 1921; professor of theoretical and applied me- ; tie 
chanics, 1927; was senior mathematician 1929-1930 and consulting - 1% * = thickness of slab 
engineer 1930-1932 in the U. S. Bureau of Reclamation, dealing with N 
structural problems of Boulder Dam. He has written papers on — — = Eh*/12(1 | wu?) = measure of stiffness 
structural mechanics and the theory of elasticity. : i 3 of an elastic slab 

Contributed by the Applied Mechanics Division and presented at — A = operator defined by Equation [2]. 
the Semi-Annual Meeting, Chicago, Ill., June 26 to July 1, 1933, of 
THe AMERICAN Society oF MECHANICAL ENGINEERS. 2 A. Nadai, ‘‘Die elastischen Platten,’’ 1925, p. 21, Equations [36], 


Note: Statements and opinions advanced in papers are to be and pp. 87 to 106. See also, H. M. Westergaard, “‘Computation of 
understood as individual expressions of their authors, and not those Stresses in Bridge Slabs Due to Wheel Loads,’’ Public Roads, vol. a 
of the Society. 11, March, 1930, p. 1. 7 a) 
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the region considered, but there may be vertical loads and re- 
actions. The proportions of the slab and the distribution of the 
load must be such that the ordinary theory of slabs may be ap- 
plied, which permits ignoring the influence of deformations due to 
vertical shears and the influence of stretching of the middle sur- 
face. The particular stress function may be written as 


in which N is the measure of stiffness (see ‘“Notation”’), ¢ is the 
deflection, and 
= — [2] 
Ox? oy? 


The vertical shears per unit of length in sections in the directions 
of —y and z are found to be equal to the slopes 0¢/dx and 


Fic. 1 Srress SuRFACE FOR TRANSVERSE SHEARS IN A SLAB IN A 


ReGion WitrHovut Loaps 


O¢/dy, respectively. It follows that the vertical shear per unit 
of length in any section will be equal to the slope of the surface 
in a direction making an angle of 90 deg with the section. 

If the slab is elastic, homogeneous, and isotropic, and if there 
are neither vertical nor horizontal external forces within the re- 
gion considered, then both f and ¢ may be used. A. Nadai? in- 
troduced the function f in this case through its relation with ¢, 
and he showed the geometrical significance of the two functions 
used jointly. It follows from the representation of the shears in 
the slab by slopes on the two stress surfaces that contour lines 
on the surface f will appear as lines of greatest fall on the surface 
¢, and vice versa. Also, the two surfaces will have the same 
maximum slope at any point of the slab. From these properties 
it follows that f and ¢ may be interpreted as the real part and the 
imaginary part of an analytic function of the complex variable 
xz + iy, so that one may write 


¥(z + ty) = f(z, y) + [3] 


which gives Af = Ag = Oand A% = 0. 

The surfaces f and ¢ supply pictures of the structural action 
of slabs. The surface f serves the additional purpose of applica- 
tions to the following two problems. 
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B—PRANDTL’'S STRESS FUNCTION FOR TORSION 

L. Prandtl‘ showed in 1903 that the shearing stresses in the 
cross-section of a straight elastic member in torsion may be repre- 
sented as slopes of a soap film which is extended over a hole in a 
plane plate; the hole having the shape of the cross-section of the 
member and the film being deflected by a slight excess pressure 
on one side. The film serves as a stress surface. 

Prandtl’s stress surface for torsion may be introduced in the 
following way: 
ject to torsion. 
fectly elastic. 
o, occur, they are independent of z. 
through the member. Let the thickness of the slice be one unit, 
this unit being assumed small. The slice may be interpreted as a 
slab without vertical loads, as dealt with in Fig. 1. The stress 
surface f applies again; it becomes the stress surface for torsion, 
defining both vertical and horizontal shearing stresses. Since 
the edge of the slice may be considered as a section in the slab, 
and since there are no vertical shears on this section, f will be 
constant at the edge. It is convenient to choose f = 0 at the 
edge. Then the stress surface defines a stress hill with its base at 
the elevation zero. 

One may choose the directions of x and y after the stress hill 
has been obtained. When z is positive upward, the shearing 
stresses on the top of the slice in the directions of x and y become 


Consider a horizontal slice 


Prandtl 
showed that the total twisting moment is twice the volume of the 
hill. It is profitable also to consider a vertical slice of the hill 
By the principle shown in Fig. 2 the resultant of the horizontal 


By considering horizontal slices of this stress hill, 


Section through 
stress surface 


magnitude 
and position 


“ae with area egual fo the shaded 
area 
8 


RESULTANT Q4p OF THE VERTICAL SHEARS IN A STRAIGHT 
SecTion From A To B 


(The shaded area is equal to the sum of the moments of the vertical shears 
with respect to 0 


Fic. 2 


shear components perpendicular to the vertical slice at the base of 
this slice is a couple, equal to the volume of the slice. It follows 
that the resultant of all shear components acting in this direction 
on the whole cross-section of the member will be a couple equal 
to the volume of the stress hill, and this couple is one-half the 
total twisting moment. To illustrate: When the cross-section is 
a long rectangle, it follows that the shearing stresses parallel to 
the long edges account for one-half the twisting moment; the 
shearing stresses parallel to the short edges, which act mainly at 
the ends of the rectangle, account for the other half. 

When the material is elastic, homogeneous, and isotropic, it is 
found that the stress function is governed by the equation, 
—Af = twice the modulus of elasticity in shear times the angle 
of twist per unit of length. Prandtl pointed out that this equa- 

4L. Prandtl, “Zur Torsion von prismatischen Stiiben,’’ Physi- 
kalische Zeitschrift, vol. 4, 1903, p. 758. 

5 See, for example, A. and L. Féppl, ‘‘Drang und Zwang,”’ vol. 2, 
second edition, 1928, p. 50; or, A. Nadai, ‘‘Plasticity’’ (Engineering 
Societies Monographs), 1931, p. 130. 


Consider a straight vertical solid member sub-— 
The member need not be homogeneous or per- | 
It is assumed only that if vertical normal stresses © 
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‘tion i gous to that gov the soap film. A. Nadai® 
obtained the stress function f for the case in which the shearing 
stress has reached a constant yield point everywhere in the mem- 
ber. He represented the stress hill by a sand hill with constant 
slope, or the stress surface by a roof with a constant maximum 
slope. Furthermore, by assuming a shear-detrusion diagram con- 
sisting of a straight line up to the yield point and thereafter a 
horizontal line, he obtained for the intermediate stage a repre- 
sentation of f by a roof and a membrane: the constant maximum 
slope of the roof represents the yield point; the membrane is 
inflated from below and deflects to begin with like Prandtl’s 
soap film, but later it will touch a greater and greater area of the 7 
roof. 

The extension of the geometrical principles to apply to hollow | 


members is simple: Prandtl] pointed out that the stress function f 
must be constant at the edge of any hole in the cross-section; the 


stress hill has a plateau over each hole; and in computing the | 
volume of the stress hill the parts under the plateaus are included. — 

Prandtl also stated that in case of elastic action the vertical — 
force per unit of area must be the same on the flat part repre- : 
senting the hole as on the soap film.7. As an example of the treat- 
ment of hollow sections, Fig. 3 shows the contour lines of Nadai’s 
roof in case of a circular section with an eccentric circular hole. 
The elevation of the plateau is equal to the yield point times the 
shortest distance from the outer boundary to the edge of the hole. 
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3) Exampie or Napat's Roor ror Piastic Torsion 
: (Cylinder with eccentric hole.) 


A ridge is formed by the intersection of two cones. This ridge 
appears in the horizontal projection as an ellipse with foci at the 
centers of the two circular boundaries. 


C—TIMOSHENKO’S STRESS FUNCTION FOR THE 
BENDING OF BEAMS 


f Fig. 4 shows a vertical cantilever loaded at the top by the forces 
P and Q in the directions of y and z, and by a twisting couple 7. 


® A. Nadai, ‘‘Der Beginn des Fliessvorganges in einem tordierten 
Stab,” Zeitschrift fiir angewandte Mathematik und Mechanik, vol. 3, 
1923, p. 442; also his book, ‘‘Plasticity,”’ 1931, pp. 132-143. 

7 A proof is given by A. and L. Féppl, ‘‘Drang und Zwang,” vol. 2, 
second edition, 1928, p. 82. 
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Saint-Venant*® showed in 1856 that when the material is elastic, 
homogeneous, and isotropic, a solution exists in which the vertical 
normal stresses on any cross-section are proportional to the dis- 
tance from a neutral axis, as in the ordinary theory of beams, and 
in which the horizontal stresses on any vertical section are zero. 
The problem that remains, then, is to determine the shearing 
stresses on the cross-sections. Saint-Venant solved this problem 
In 1921, S. Timoshenko® introduced a 


in a number of cases. 


\ 


Fie. 4 VerticaL CANTILEVER 
(Shearing stresses to be determined by Timoshenko’s stress function.) 


stress function which is particularly suitable for determining the 
shearing stresses on the cross-sections. This stress function is 
represented by a non-uniformly loaded membrane with a plane 
boundary. A variant of this stress function can be represented 
by an unloaded or uniformly loaded membrane or soap film, the 
boundary of which is a space curve which can be determined in 
advance. This scheme was applied by P. A. Cushman in an ex- 
perimental investigation presented in a doctoral thesis at the 
University of Michigan in 1932, under the direction of Professor 
Timoshenko. He used unloaded soap films stretched over holes, 
the edges of which had been distorted properly in advance. 

Assume that oz = oy = rz, = 0, asin Saint-Venant’s theory. 
Assume furthermore that the fiber stresses oz have the same dis- 
tribution on all cross-sections, so that one may write 


8 See, for example, A. E. H. Love, ‘Mathematical Theory of Elas- 
ticity,’’ third edition, 1920, chap. XV. 

*S. Timoshenko, ‘‘A Membrane Analogy to Flexure,’’ London 
Mathematical Society, Proceedings, ser. 2, vol. 20, 1921, p. 398. 
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_ obtained by superposition of two actions. 


144 
[5] 


In most applications p must be assumed to be a linear function of 
z and y, but if the fibers have different stiffness, as, for example, 
in reinforced concrete (not yet cracked), p may be a non-linear 
function of zand y. It follows, from the assumptions made, that 
Tez and rz, will be functions of z and y only. Now consider the 
horizontal slice S in Fig. 4. Its thickness is one unit, and this 
unit is assumed small. The slice may be interpreted as a slab 
which carries a vertical load equal to the difference between the 
stresses o, on the top and the bottom. This load is seen to be 
equal to p in Equation [5], per unit of area, positive upward. 
The slab is loaded additionally by the horizontal shears 7.2 and 
Ts, on the top and bottom, and these stresses appear also as verti- 
cal shears in the slab. The resultant effects in the slab may be 
In action No. 1, 


>| 


Fic. 5 Bounparies OF TIMOSHENKO’S STRESS SURFACE FOR A 


RECTANGULAR CROSS-SECTION 


the loads p are balanced by a set of shearing stresses 7’, which 
may include vertical shears g’, appearing as reactions at the edge 
of the slab. In action No. 2, vertical shears g” = —gq’ are ap- 
plied at the edge of the slab, but the slab carries no vertical loads 
distributed over the area. Consequently, a stress surface f for 
shears in slabs, of the type shown in Fig. 1, will define the corre- 
sponding vertical and horizontal shears 7”. In this application 
the function f becomes Timoshenko’s stress function for bending. 
After obtaining a suitable set of stresses 7’ for action No. 1, the 
values of f at the edge may be computed by the formula 


Seige = — S = Sao (r'sydx — r'szdy).... [6] 


When f is known, the stresses in the combined action may be 
computed as 
of 
dy’ oz 
Assume now that the material is elastic, homogeneous, and 
isotropic. Then p is a linear function of z and y. Timoshenko 
showed how in this case one may obtain f = 0 at the edge. The 
following scheme is also convenient: The stresses in action No. 1 
are chosen so that they maintain not only equilibrium, but also 
geometrical continuity of the material. Then the stresses in 
action No. 2 must maintain equilibrium and geometrical con- 
tinuity. Since the vertical normal stresses are zero in action 
No. 2, the stresses r"s2 and r"s, must be governed by the equations 


= sx + 


for elastic torsion except the boundary conditions. That is, 
in which C is a constant. C will be zero for a particular value of 


the twisting couple 7, possibly when 7 = 0. When C = 0, the 
surface f may be represented by an unloaded soap film, as in 
Cushman’s investigation. 

To obtain simple expressions for the stresses in action No. 1, 
let the neutral plane be taken as the zz-plane. In this case 


[9] 
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in which J is the moment of inertia of the cross-section with re- 
spect to the neutral axis. Then one finds by substitution in the 
proper equations that the requirements of equilibrium and geo- 
metrical continuity are satisfied by the following two solutions, 


in which a and ¢ are arbitrary distances: 
Solution (a): 
a’? 
=— 
21 5) | 


t's = 0, T'sy y? + 
Solution (6): 
uP P , 
ia 


As an illustration, consider the rectangular cross-section in 
Fig. 5. Equations [10] and [6] give 


—a‘’z), =0...... [12] 


while Equations [11] and [6] give 
uPa 


Fig. 5 shows the complete boundaries. Knowing the boun- 

daries, one may visualize the soap film. With 7 = 0, the soap 

film is unloaded. In this particular problem the surfaces f 

may be determined easily by computation. For example, with 

the boundary in Fig. 5 (), one finds 


. [13] 


1 nry 
sinh — —= 
+ u)e nra 
sinh — 


which leads to convenient expressions for the stresses by Equa- 
tions [7] and [11]. 


D—THE DEFLECTION OF AN ELASTIC SLAB AS STRESS 
FUNCTION FOR THE MOMENTS, SHEARS, AND 
_ REACTIONS 

In case of a slab of elastic, homogeneous, and isotropic mate- 
rial,'° the bending moments, twisting moments, transverse shears, 
and the reactions can be expressed in terms of second and third 
derivatives of the deflections ¢, with the stiffness N (see ‘‘Nota- 
tion’”’) and Poisson’s ratio u entering in the formulas. The elastic 
surface ¢, therefore, is a stress surface. 

The bending moments M;z and My, and the twisting moment 
Mz, in the directions of x and y per unit of width of the section 
are expressed by the equations 


ay ary 
4%), M: = (2 


[15] 


It we mentioned in section A that the transverse shears are de- 
rivatives of the function —N Af (Equation [{1]). The reaction 
at an edge parallel to the axis of x consists, in the general case, 
of shears V,, bending moments M,, and twisting moments M.,. 


10 See, for example, A. Nadai, ‘‘Die elastischen Platten,”’ 1925, pp. 
20, 21, and 36, or H. M. Westergaard, ‘‘Computation of Stresses in 
raga Slabs Due to Wheel L oads,”’ Public Roads, vol. 11, March, 
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Kelvin and Tait showed in 1867 that the twisting moments may 
be replaced by an equivalent set of vertical forces. One may 
imagine one beam bent by the couples Mz, and another beam bent 
into the same shape by vertical forces. With the twisting mo- 
ments replaced by vertical forces, the total vertical reaction per 


unit of length becomes 
_ o% 


OM ey 


ox 


Ry = Vy + 


In addition, two concentrated forces + M.z, are found at the ends 
of the edge. Equation [17] may be applied at any point of the 


slab. At a distance from the edge, R, represents an internal re- 


action. 
The equilibrium of each element of the slab requires that | 
oM,  oM 
oy or 
which leads to the additional formula 
oM 
Ry = — +2 [19] 
Oy Oz 


This equation will be used in section G. 


E—AIRY’S FUNCTION FOR A PLANE STATE OF STRESSES 
IN A SLICE 


Consider a horizontal slice, one unit thick, this unit being — 


chosen small. Assume that there are no horizontal shearing — 
stresses on the top and bottom of the slice. Assume that the 
variations of the stresses as functions of the vertical coordinate 


Fig. 6 RESULTANTS ON Two SECTIONS IN A SLICE 


z are so small within the slice that they may be ignored. Then 
the vertical shearing stresses will be zero, and the remaining 
stresses will be functions of the horizontal coordinates x and y 
only. In 1862, G. B. Airy" introduced a stress function F, in 
terms of which the horizontal stresses can be expressed as follows: 


or 


Maxwell and later Klein and Wieghardt** extended this theory, 
and in doing so emphasized the geometrical features. The prac- 
tical usefulness of Airy’s function in solving problems has been 


11G, B. Airy, ‘On the Strains in the Interior of Beams,” British 
Association for the Advancement of Science, Report of Meeting, 
October, 1862, published 1863, pp. 82-86. 

12F, Klein and K. Wieghardt, “Uber Spannungsflichen und 
reziproke Diagramme, mit besonderer Beriicksichtigung der Max- 
wellschen Arbeiten,”’ Archiv der Mathematik und Physik, series 3, 


vol. 8, 1905, pp. 1-10 and 95-119. tote ee 
= 
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demonstrated by a number of authors; for example, A. and L. 
Foéppl.!* 

Fig. 6 shows a part of the slice. The resultant Rmn of the 
stresses on the vertical section along the curve C from m to n 
must balance the resultant R’nm of the stresses on the vertical 
section along the curve C’ from n to m. In referring to such re- 
sultants, the rule is adopted that the order of the letters in the 
double index indicates the direction of the curve; then the 
stresses are considered to act on the part on the left of the curve. 
This rule applies in Fig. 6. If the curve C is replaced by another 
curve from m to n, the resultant Rm» remains the same. That is, 


‘ 


\\ 


Fie. 7 PuLanges ASSOCIATED WITH PoINTs OF A SLICE © 


with a given state of stresses Rmn depends only on m and n, and 
one may say that a definite resultant Rmn is transmitted through 
the material between any two points m and n. 

With each point m of the slice there is now associated a plane 
Tm. The elevation of Tm at any point p is denoted by T'mp. 
Fig. 7 shows three such planes, associated with the points o, m, 
and n. The planes are located as follows: T. is chosen; then 
any other plane 7'» is defined by the requirement that the inter- 
cept T'mp — Top at any point p shall be equal to the moment 
of the resultant Rom transmitted between o and m, this moment 
being positive in the counter-clockwise direction. The plane 
T. is located by applying this rule to Ron. The moment of Ran 
with respect to p is equal to the moment of Ron minus that of 
Rom; therefore, it is found as (Tnp — Top) — (Tmp — Top) = 
Tap — Tmp. That is, the moment of Rmn with respect to any 
point p is equal to the intercept at pfrom Tn to Tx. It follows 
that the intersection of 7’, and 7’, locates the resultant Rm»; that 


the difference in slope of 7m and 7’, in a direction perpendicular iy. < 


to Rmn is equal to Ran; and that if the resultant is a couple, the 
two planes are parallel, with the vertical intercept equal to the 
couple. It is seen, furthermore, that a plane vertical section 
through T-planes which are associated with a series of points 
may be interpreted as a string polygon. The polar distance is 
one unit. The forces are perpendicular to the plane vertical 
section and are components of the resultants which are trans- 
mitted between successive points of the series. 

Let point n approach point m. Assume that there are no in- 
finite stresses in a region surrounding and including m. When 
the distance mn becomes infinitesimal of the first order, then 
Rmn becomes infinitesimal at least of the first order, and the 
moment of this resultant with respect to n becomes infinitesimal 
at least of the second order. This moment is represented by the 
intercept T'nn — T'mn. It follows that the plane 7'm is tangent to 
the surface Tmmat point m. All the T-planes are tangent to the 
surface F = T'mm. 


13 A. and L. Féppl, “Drang und Zwang,’ 
1924, chap. 4. 
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The function F = 7mm can be shown to be same as Airy’s func- 
tion, which was introduced originally through Equations [20], 
It is assumed that the second derivatives of F exist at point m. 


» i In Fig. 8 the intercept Tn4 — Tma will be equal to the moment 
i ordy:1. Since the T-planes are tangent to the surface F, this 

oF oF 

intercept may be expressed asd | — ]} = dy. It follows that 

7, oy oy? 
OF 
oz = =~ and, by analogy, o, = —-. Similarly, the intercept 

oy? Ox? 


oF \ 
Tns — Tmeis equal to the moment — rz,dy-1 and equal tod 


dy, which gives rz, = — 


It is noted that by this 


» 
OF 
derivation of Equations [20] the surface F is obtained first, and 
a the axes of x and y may be oriented afterward in any direction. 
> 
A 
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Fie. 8 STRESSES IN A SLICE 


When the scale of the elevations is small, the normal stresses and 
shearing stresses in any direction are represented by curvatures 


and twists of Airy’s surface. 
Dat shows that any plane vertical section 


The relation oc, 


through Airy’s surface is a string curve, with polar distance 1, 
for the normal stresses on the corresponding section in the slice. 
The same is concluded by considering the string polygon formed 
by the intersection of a vertical plane with the 7-planes for a 
series of closely spaced points. 

It is noted that the derivation of Equations [20] presupposed 
the existence of the second derivatives of Airy’s function. This 
assumption is not necessary in the derivation of Airy’s surface 
from its tangential planes. A consideration of the tangential 
planes will show that if at no place within a region a finite force 
or couple is transmitted between two points which are an in- 
finitesimal distance apart, then a smooth Airy’s surface is ob- 
tained within this region, regardless of discontinuities of the ma- 
terial. A ridge on Airy’s surface would indicate a concentrated 
force transmitted along the curve following the ridge. An Airy’s 
surface with ridges defines a state of statically possible stresses; 
these stresses may be significant, for example, in applications of — 
the equation of virtual work. 

Klein and Wieghardt'* determined tangential planes of Airy’s 
surface at the edge of the slice. If the loads and reactions on the | 
edge of the slice are known completely between two points of the 
edge, then after choosing the tangential plane of Airy’s surface 
at one point on this piece of edge the tangential plane at any other 
point of the piece of edge can be located definitely by means of 
the resultant transmitted between the two points. That is, the 
elevations and slopes of Airy’s surface may be determined at all 
points of this piece of boundary. 
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As an example, Fig. 9 shows an Airy’s surface fora beam. The 
ry-plane is chosen as tangential plane at one point of the unloaded 
edge, y ~a. Then the zy-plane will be tangential plane 
at all points of thisedge. Sections through Airy’s surface parallel 
to the yF-plane are string curves for the stresses a. Each of the 
string curves has horizontal tangents at both ends, the tangent 
at the loaded edge, y = a, having an elevation equal to the bend- 
ing moment in the particular section. The same results are found 


F 


= bending moment, M 


Fig. 9 Arry’s SURFACE FoR A BEAM WITH A Loap IN 


THE DIRECTION OF —y AT THE EDGE y = a 


by noting that the moment diagram is a string curve for the 


stresses a, on the loaded edge, and that at this edge 7,, = 0. _ 


In the deliberations which follow, the material of the slices 
and slabs is assumed to be elastic, homogeneous, and isotropic. 
The slices and slabs are still assumed horizontal. 

Two types of slices must be considered: free slices and con- 
strained slices. The free slice is without pressure on the top and 
bottom, so that o, = 0. The constrained slice requires that the 
top and bottom remain in their original planes, so that the vertical 
straine: = 0. Incase of the free slice the strains ez and e, and the 
detrusion yz, in the directions of z and y are expressed as 


F—THE ANALOGY OF SLABS AND SLICES 


€z (oy 


1 
(or — poy), [21] 


E 


It is easy to prove that these equations may be applied also to the 
constrained slice, provided only that EF and yu be replaced by an 
apparent modulus of elasticity H’ and an apparent Poisson’s 
ratio u’, defined as follows: 


1 — p?’ 


For this reason it will be sufficient here to consider the free slice. 
With Airy’s function introduced in Equations [21] and [22| 


through Equations [20], one finds 


2(1 +») OF 
E 


These equations may be compared with Equations [15] and [16] 
forthe momentsinaslab. It is seen that if one makes N = 1/E, 
slab = —Hslice and ¢ = F (F being represented to a small scale), 
then one obtains 


= —M,, 


= —M,, 


It is seen, furthermore, that the expression in terms of F for the 


— | 
IY 
— 
oM 
ry: 20 ‘ 
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internal energy of the slice becomes identical to the expression 
in terms of ¢ for the internal energy of the slab. 

Assume that the edge of the slice is a single closed curve, and 
that the loads and reactions on the edge are known. Then one 
may establish definite elevations and slopes of Airy’s surface at 
the boundary. Let the same boundary conditions be imposed on 
the elastic surface of the slab. The slab then is bent by distortions 
of the edge, but let it be unloaded otherwise. Airy’s surface for 
the slice will be governed by Castigliano’s principle of minimum 
of energy by variation of the stresses. The elastic surface of the 
slab will be governed by the principle of minimum of energy 
by variation of the shape of the slab. Since the two expressions 
for the energy have been made identical, it follows that the result 
¢ = F is obtained when the slab is unloaded. It was noted in 
connection with Equation [3] that in a region without loads the 
deflections of a slab satisfies the equation A*¢ = 0. One finds, 
therefore, 


a: 


These equations for ¢ and F do not contain u. Therefore, in de- 
termining Airy’s surface for the slice as an elastic surface of a 
slab, any value of uw in the slab is permissible. 
sary in this application to specify N. 
lish the analogy of slabs and slices. 

} may very well be derived by other methods; 
for example, by substituting from Equations [24] and [25] in the 
equation of compatibility’ for ez, €,, and yzy. 


Nor is it neces- 
These deliberations estab- 


Equation [27 


The consideration 
of the energy is advantageous, however, because of its further 
application to the following general problem: Assume that the 
slice has a hole. Assume that there are no loads on the edge of 
the hole. With definite loads on the outer edge, one may estab- 
lish definite elevations and slopes of Airy’s surface at the outer 
At the edge of the hole Airy’s surface will have 
a common tangential plane. The analogous slab, accordingly, 
may be equipped with a rigid flat portion covering the hole in the — 
slice, this rigid part being attached firmly to the flexible part rep-_ 
It can be shown that the 
reactions of the flexible part of the slab on the rigid part covering 
the hole are independent of Poisson’s ratio for the slab when NV 
and the elastic surface are given. Then application of the prin- 
ciples of minimum of energy leads to the conclusion that the 
proper position of the rigid part of the slab is that which it will 
assume freely when no external forces are acting on it except the 
reactions exerted by the flexible part of the slab; and this po- 
sition, which the rigid part assumes freely, is independent of the 
values of N and E and the values of Poisson’s ratio for the 
The position of the plane representing Airy’s 
surface over the hole is defined by three constants, and this corre- 
sponds to the triple indeterminacy of a fixed arch. 

The same reasoning may be applied if the slice is loaded on the 
edge of the hole, but has no loads on the outer edge. Definite 
elevations and slopes of Airy’s surface can be established at the 
edge of the hole. At the outer boundary Airy’s surface will 
have a single tangential plane, which may be represented by a 
rigid plane slab attached to the flexible slab. The proper po- 
sition of the rigid slab is that which it will assume freely. This 
principle may be applied to a slice with any number of holes, 
provided that the load on each closed boundary balances itself. 

A simple application is to a thick ring bounded by two concen- 
trie circles, and loaded by one constant pressure on the inner 
boundary and another constant pressure on the outer boundary. 
The rigid parts forming the extensions of the flexible slab will 
produce no vertical reactions. Therefore, the flexible slab will be 


boundary. 


resenting the solid part of the slice. 


slab and the slice. 


18 A. and L. Féppl, ‘Drang und Zwang,”’ vol. 1, second edition, 
1924, p. 53; see also pp. 247-248. 


é 
without transverse shears, and the otherwise possible term 
Cr? log r in Airy’s function (r = radius vector) willdropout. The 
remaining significant terms Ar? + B log r lead readily to Lamé’s 
formulas for the stresses in thick cylinders. !* 

K. Wieghardt!’ utilized the analogy of slabs and slices in an 
experimental investigation published in 1908. By bending a 
brass plate, he obtained information concerning the concentration 
of stresses in a slice at reentrant corners. The slice was loaded 
by two equal and opposite forces. V. P. Jensen™ in an experi- 
mental investigation completed in 1931 applied the same prin- 
ciple with a more complex load. Cooperating with the United 
States Bureau of Reclamation, he investigated the nonlinear 
distribution of stresses in a vertical slice ‘of Boulder Dam by 
bending a rubber slab. The edges of the active area of the slab 
were distorted by clamps which he had designed for this purpose. 
This study has been continued with the same equipment by engi- 
neers of the Bureau of Reclamation. 

Like the soap-film analogy, the analogy of slabs and slices not 
only furnishes experimental procedures, but it supplies ways of 
thinking of one problem in terms of another, and ways of visualiz- 
ing solutions. 

As a further illustration, the beam in Fig. 9 is considered again. 
Assume that the load p on the edge y = a is a linear function of 
x. Airy’s surface is to be obtained as the elastic surface of a slab. 
If one wishes, one may take F positive downward in this case 
instead of upward as in Fig. 9; then the deflections of the slab 
are positive downward. It is convenient to choose N = 1 and 
uw = Ofortheslab. The resultant deflections of the slab will be 
found by superposition of two actions. The deflections F; in 
action No. 1 are chosen so that Airy’s function F; will represent 
the stresses in the beam according to the ordinary theory of 
flexure. That is, F,; must satisfy the boundary conditions in 
Fig. 9 and must make the normal stresses on any cross-section 
proportional to y. One finds, 


To maintain these deflections, the slab requires a load distributed 
over the area. Lagrange’s equation,'? A’ = w/N, defines the 
relation between the load w per unit of area and the deflection ¢ 
in the general case. In the present case, noting that p 


—-d?M /dz?, one finds the load 
a 


In action No. 2 there is required an equal and opposite distributed 
load. Furthermore, the deflections and slopes must be zero at 
the edges y +a. If the slab were divided into independent 
beams in the directions of y, these beams would obtain the de- 
flections 


P ‘ 
40a? y(y? = a’)? [30] 


16 See for example, A. and L. Féppl, ‘‘Drang und Zwang,”’ vol. 
second edition, 1924, p. 313. 

17 K. Wieghardt, ‘‘Ueber ein neues Verfahren, verwickelte Span- 
nungsverteilungen in elastischen Kérpern auf experimentellem Wege 
zu finden,’ Mitteilungen tiber Forschungsarbeiten auf dem Gebiete des 
Ingenieurwesens, Heft 49, 1908, pp. 15-30. See also, A. and L. 
Féppl, ‘‘Drang und Zwang,”’ vol. 1, second edition, 1924, p. 248. 

18 V. P. Jensen, ‘““Experimental Determination of Non-linear Dis- 
tribution of Stresses by the Slab Analogy, With Application to 
Hoover Dam,”’ thesis for the degree of Master of Science, University 
of Illinois, 1931; also as Technical Memorandum, United States 
Bureau of Reclamation; not yet published. 

19 A. Nadai, ‘Die elastischen Platten,”’ 1925, p. 21. 
tergaard, loc. cit. 
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‘sume again that the load p is a linear function of z. 


This function satisfies Lagrange’s equation for the slab. Conse- 
quently, Airy’s function F; defines the supplementary stresses, 
which must be added to those obtained by the ordinary theory of 
flexure. For example, the supplementary normal stress in the 
direction of z becomes”® 


~ 10 


G—ELASTIC WEIGHTS FOR DEFORMATIONS OF SLICES 
FOUND AS REACTIONS IN SLABS 


In the next application of the analogy of slabs and slices it is 
assumed again that N = 1/E and psta» = —vpolice in the flexible 
part of the slab. Then Equation [26] will apply. 

The relation es: = —M, shows that the decrease of the distance 
between two points of the slice may be determined as the total 
bending moment in the slab on a straight section covering this _ 
distance, provided that the section is entirely within the flexible | 
part of the slab. 

With & and » denoting the displacements of the point z, y in 
the directions of x and y, one may write, 


which defines the curvatures of an originally straight line parallel 


to the axis of z. Knowing the curvatures, one may determine 


deflections or relative deflections of the points on the line, using | 


any one of the methods by which deflections of beams are ob- 

tained from the elastic weights, +M/EJ. The curvature is an 

elastic weight. 
Equations [33], [26], and [19] give 


oz? oy ox 


That is, the ¢ elastio weights for the bending of any straight 
line on the slice may be found as reactions on the corresponding 
section in the slab. 

With the required change of sign of », Equation [17] leads to 
the following additional formula for the elastic weight: 


As an example, consider once more the bear in Fig. 9. As- 
Then the de- 
flection of the slab at any point is the sum of F; in Equation 
[28] and F, in Equation [30]. It is to be expected that F,, 
which represents the stresses according to the ordinary theory of 
flexure, will contribute elastic weights at the edges equal to 
M/EI, with I = 2a'/3. That this expectation is correct is 
proved easily by substituting F; in Equation [35]. By substi- 
tuting F2, one finds the supplementary reaction or elastic weight 


20 Compare, for example, A. and L. Foéppl, ‘‘Drang und Zwang,”’ 
vol. 1, second edition, 1924, p. 261. 

214, E. H. Love, ‘“‘Mathematical Theory of Elasticity,”’ third 
edition, 1920, p. 343. 
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in which c; and c, are integration constants. It may be noted 
that the conventional approximate computation of the supple- 
mentary deflection, by considering the energy due to the shearing 
stresses, gives nearly the same result; the approximate computa- 
tion exaggerates the first term on the right side in Equation [37] 
in the ratio of 1 + xu. 


H—INFLUENCE SURFACES FOR MOMENTS AND SHEARS 
IN SLABS DETERMINED AS AIRY’S SURFACES FOR SLICES 


In the preceding applications of the analogy of slabs and slices, 
the slab served in the study of the slice. It is also possible to 


ar 


ane 
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Fic. 10 Larcg Stas From a WALL 
let the slice serve the slab. For example, one might determine 
stresses in a slice by polarized light and interpret these stresses 
as curvatures and twists of a slab. 

Miiller-Breslau?* established the principle that any influence 
diagram representing an effect at one place due to a unit load at 
any point may be obtained as a deflection diagram. The appli- 
cation to slabs will be illustrated by the derivation of the influence 
surface for a bending moment in the slab in Fig. 10; namely, the 
bending moment M in the direction of zat 0. The slab is canti- 
levered from a rigid wall along the axis of y, and it is assumed to 
extend indefinitely far in the directions of zand +y. 

Two actions are considered. In action A the slab carries the 
load P = 1 at the point z, y as in Fig. 10. This load produces 
the bending moments M’ in the direction of xz at the fixed edge, 
with M’ = M at 0. The surface representing M as a function 
of z and y is the desired influence surface. In action B the slab 
carries no vertical load, but the edge at the wall is distorted 


22H. Miiller-Breslau, ‘‘Die graphische Statik der Baukonstruk- 
tionen,’’ 1887-1908. 
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By differentiating and subtracting, one finds*! e-- | 
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Then the supplementary deflection becomes 


within the interval —a < y < a by creating the slopes of /Ozx 
The resulting deflection at point z, y is denoted by ¢. 
Now two applications are made of the equation of virtual 
work. In application No. 1 the loads, reactions, and stresses 
are defined by action A and the deformations by action B. With 


U az denoting the internal virtual work, the equation becomes 


In application No. 2 the loads, reactions, and stresses are defined 
by action B and the deformations by action A. No external 
virtual work is done; therefore the internal virtual work Usa 
becomes zero. Since Uas = Usa, one finds 


(39] 


a. 


M'ady = 


The difficulty of large deflections is disposed of by adopting tem- 
porarily a small scale for vertical distances. Then Equation 


[39] becomes 


That is, the influence surface for M is the elastic surface ¢. 

This elastic surface is obtained conveniently as an Airy’s sur- 
face. With the slice loaded as in Fig. 11, one may choose the 
ry-plane as tangential plane of Airy’s surface at points of the 
y-axis at which y > a. Then Airy’s function will be zero at all 
points of the y-axis. In the interval —a < y < a, the slope of 
Airy’s surface in the direction of z becomes a —1/2a. For 
y < a, the zy-plane again becomes tangential plane. This 
Airy’s surface satisfies the boundary conditions for the elastic 
surface ¢, which was defined by Equations [38] to [40]. 

Let F’ = F’ (a, y) denote a possible Airy’s function for a load 
P = 1 at O in the direction of —y. Then possible Airy’s func- 
tions for the loads P; and P, may be written as 


1 
— F' (z,y +a)... 


F; 


1 
— 2a F'(z, y — a), [42] 
respectively. With asmall, by permitting 2a to be interpreted as 
dy, one finds for the two loads combined the possible Airy’s 
function 


To this Airy’s function it may be necessary to add a constant in 
order to make ¢ = 0 at the edge. 

Airy’s function F’, for the load P = 1 at 0 in the direction of 
—y, is expressed conveniently in terms of polar coordinates, as 


oF’ 
= 


ts 12 
= sin 6 + cos r [45] 


one finds?8 


. 
** The results in Equations [46] and [48] are stated in the paper in 
Public Roads, March, 1930, referred to in previous footnotes. 
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.and solving them. 


no constant having to be added to F. Equation [46] defines the 
influence surface for the bending moment M. 

The influence surface for the vertical shear Vz at 0 in Fig. 10 
may be obtained in the same way. Instead of the forces in Fig. 


_e 


Fig. 11 CoRRESPONDING TO THE SLAB IN Fia. 10 
11, two couples +1/2a are applied at the same points. Airy’s 


surface for a unit couple at the origin of the coordinates may be 
written as 


= (sin + 28)........ [47] 
Then one finds ne 
oF’ 2 
=P = = [48] 
which defines the influence surface for the shear. “d See” 
CONCLUSIONS 


Graphostatics is helpful in the theory of elasticity. It pro- 
vides visualization and furnishes ways of thinking about problems 
It extends the useful overlapping of the 
theory of elasticity, mechanics of materials, and structural me- 
chanics. 


Discussion 


A. Napar.%* The highly instructive and similarly useful 
geometry of certain surfaces having a close relation to a number 
of important engineering problems of statics, of which some are 
known while several groups of these surfaces have just been 
newly introduced and described in the brief and clear study by 


24 Westinghouse Research Laboratories, East Pittsburgh, Pa. Mem. 
A.S.M.E. 
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Let a be chosen small, and adopt a function a, so that 

a, 
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Dr. Westergaard on graphostatics, deserves the full attention 
of engineers. Dr. Westergaard has in other of his extensive 
recent investigations shown how by these methods, if cleverly 
applied, the distributions of stress in difficult cases of loading of 
elastic bodies could be found—such as, for example, in a section 
of the Boulder Dam of the Colorado River. 

The mathematical difficulties for finding the distribution of 
stress in the sections of such a dam, even if great simplifications 
as to the nature of the problem are assumed by reducing it to 
one of plane strain, arise from various reasons: the action of the 
weight of the material of the dam has to be combined with that 
by the lateral pressure increasing with the depth, the cross- 
sections of the dam being limited by curves that are not simple. 
The details exposed in Dr. Westergaard’s paper deserve attention 
therefore, and perhaps also for their pedagogical influence, 
which they may exert in the future. The various stress sur- 
faces extremely simplify the description of the corresponding 
problems and help greatly to visualize the states of stress and of 
elastic strain in more complicated cases. 

It is perhaps of some interest in this connection to note the 
recent progress made in stress analysis by the more extended 
use of all kinds of mechanical model-testing methods by which 
various other methods were gradually replaced. Model testing 
based on the principles of mechanical similarity has been ex- 
tensively applied in hydraulics, aerodynamics, photoelastic 
testing, etc. However, it may be based on certain analogies 
existing from a mathematical point of view between two or more 
apparently different problems of mechanics or physics. A num- 
ber of interesting new examples where these second methods 
- might prove useful have been pointed out by Dr. Westergaard. 

Instead of measuring stresses or strains in one particular case, 
one may convert the problem to another mathematically corre- 
sponding, similar or identical one and then observe another 
quantity, such as, for example, a deflection or the slope of a 
curved surface (membrane, plate), which lends itself to a simpler 
observation. From this point of view a model based on an 
analogy may be considered as a special integrating machine for 
finding the numerical solution of an actual problem, offered 
either by nature itself or designed by ingenuity of men. When 
comparing the various means which have been proposed for 
_ finding numerical values of certain important quantities, the 
engineer finally decides to let the analogy model do the tedious 
_ integrating (or differentiating) job for him. 

_ Although some of the geometrical properties of Airy’s stress 

_ surfaces have long ago attracted mathematicians such as Max- 
_ well, Felix Klein, K. Wieghardt, and others, these properties 
__ in the hands of the engineer have perhaps not yet been applied 
so extensively as may become useful. The author of the paper 
.- himself has stated that since Wieghardt’s work it is known that 

the lateral deflections £(z,y) of a plate bent by a system of forces 
4 acting perpendicularly to the plane of the plate and distributed 

f only along its edges satisfy the same differential equation (Equa- 

- tion [27] of the paper) as Airy’s stress function F(z,y) for a state 


along the edges of the slab and in the direction of its middle 

plane. 
a F. Klein and Wieghardt have suggested to substitute a bend- 
5 ing test with a plate for the experimental determination of 
_ Airy’s stress function for a flat slab, but the writer felt that the 
correspondence between the stresses in the two problems (plate 
and slab) was not a simple one. Also a double differentiation 
was required to find values of stresses. The writer of these lines 
was therefore particularly interested and pleased to see that Dr. 
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of plane stress or strain in a flat slab subjected to forces acting . 


Westergaard has now established an analogy between the two— 
problems with a complete correspondence between the quantities 
involved: to the bending moments M., M,, Mz, of the bent 
plate correspond the unit strains e€:, €,, yy of the slab, ete., 
and that he has utilized this method when computing the stresses 
in the Boulder Dam. It is perhaps worth while to note that Dr. 
Westergaard’s suggestion to introduce the resultant of the trans- 
versal shearing forces of a slab as a new stress function Q ex- 
presses certain mathematical properties inherent to a number of 
similar problems in the theory of elasticity. If these resultant 
forces are Q:, respectively, Q, for sections x = const., respectively, 
y = const., and pz, respectively, p, are the shearing forces per 
unit of length, then 


= Spdy, = —S 


For p:z, py in many cases the equilibrium conditions being 


Ops Opy 
> + 0 
Psy py ean be found assuming 
oY 
Oy Or 


The stress function Q introduced above is identical with the 
function y. If pz, p, are interpreted as velocity components 
of a moving fluid in a plane, ¢(z,y) is known as the stream 
function, and hence the stress function Q of a slab has quite 
an analogous meaning as the stream function y in the plane 
movement of a liquid. 

The general bending and torsion problem of a bar can indeed 
be reduced for the shearing stress components rz and r, to two 
equations of the form: 


6: 
or: 
— + wdivr=Ay 
ox oy 
= Bt + C 
Oy ox Ha 


where A, B, C are constants depending on the external load 

and twisting moment and the shearing stress indicated by the 

letter 7 is the resultant vector of the components r., ry. 
Separating 7 into two vector parts r’ according to 


+r” 


and r” 


it can be shown that the part +’ may be determined, for example 
by assuming div r’ = 0 and the other part 7” by assuming tha 
rot 7” = 0, or, in other words, by dividing the resultant stres 
field of the vector 7 into a vector field for which the divergenc« 
oy 


y exists so that r.’ = 
OV 


is zero (hence a “stream function” 


ra) 
tr’ =— *) and into a remaining field for which the rotatior 


(curl) vanishes (hence a 

Op 
stress function in the case of the torsion problem. It is hope: 
that the various suggestions contained in Dr. Westergaard’ 
paper will stimulate the further application of these stress func 
tions to practical engineering problems. = 


“velocity potential’ exists, so tha 


>t = ay)" The function y is known as Prandtl’ 
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The Use of the Wind Tunnel in Connection > 


With Aircraft-Design Problems 


By TH. von KARMAN! ann CLARK B. MILLIKAN,? PASADENA, CALIF, ss” 


7 The paper is divided into two parts, the first of which 
deals with the general problem of extrapolating wind- 
tunnel results to full-scale free-flight conditions in con- 
nection with the initial prediction of overall performance 
characteristics of airplanes. Using the notation of Os- 


the designer would like information from the wind tunnel 


on models of modern 


for gliding flight. The need for further data on the in- 
fluence of the change to power-on flight is mentioned. 
For the second parameter the effect of the change in Reyn- 
olds’ number involved in the extrapolation is shown to be 
important, and a method for carrying out the extrapola- 
tion is described. This method is based on the modern 
hydrodynamical theory of skin friction, and has already 
met with some success as developed and used at the Gug- 
genheim Aeronautics Laboratory of the California Insti- 
tute of Technology. In connection with the third parame- 
ter, it is shown that the influence of Reynolds’ number 
and turbulence on the value of the maximum-lift coef- 
ficient is very large. The importance and confusion at- 
tending this phenomenon led some time ago to its inten- 
sive investigation at the laboratory. The more important 
results of an experimental and a theoretical approach to 
the problem are discussed. The experimental researches 
involved the testing of a 6-ft-span N.A.C.A. 2412 airfoil 
at a series of Reynolds’ numbers and with various degrees 
of turbulence produced artificially in the wind tunnel 
through the introduction of grids or screens upstream 
from the model. The results furnish quantitative evi- 


INTRODUCTION 
T IS ABOUT 25 years since systematic tests on stationary 
| models in artificially created air streams were first used as an 
aid to the design and performance prediction of airplanes. 
Widely varying opinions as to the practical applicability of this 
type of measurement have been held by aeronautical engineers. 
The naive idea that the results of such measurements could be 
applied without corrections to full-scale conditions was very early 


1 Director of Guggenheim Aeronautics Laboratory, California 
Institute of Technology. Mem. A.S.M.E. Dr.-Ing. von Karman 
received his M.E. at Budapest in 1902 and Ph.D. at Géttingen in 
1908; honorary degree of Doctor of Engineering, University of Ber- 
lin, 1929. He was Privat-Docent, Gittingen, 1910-1913; Professor 
of Mechanics and Aerodynamics, Director of the Aerodynamical 
Institute, University of Aachen, 1913; member of Gesellschaft der 
Wissenschaften zu Gdttingen, 1925; foreign member of the Royal 
Academy of Sciences, Turin, 1928; Director of the Graduate School 
of Aeronautics, California Institute of Technology, 1928. 

? Assistant Professor of Aeronautics, Daniel Guggenheim Graduate 
School of Aeronautics, California Institute of Technology. Assoc- 


the ‘‘airplane efficiency factor’’ giving the variation 
in parasite drag with lift coefficient, the ‘‘equivalent para- 
site area’”’ giving essentially the minimum parasite drag, 
and the maximum lift coefficient. 
Reynolds’ numbers of the order of 1,500,000 or larger and 
clean’”’ airplanes, the extrapolation 
of the first parameter to full scale is felt to be trustworthy 


_wald, it is found that the three parameters about which 


If the tests are made at 


AILLIKA 


dence of the considerable dependence of Cimax on Reyn- 
olds’ number and turbulence, and in particular demon- 
strate the fact that, even at fairly large Reynolds’ numbers, 
the value of Czmax may be increased by as much as 30 
per cent by introducing artificial turbulence into a nor- 
mally very smooth wind-tunnel flow. The theoretical in- 
vestigation involves an analysis of the boundary-layer 
flow around an N.A.C.A. 2412 airfoil, and is particularly 
concerned with the transition from the laminar to the 
turbulent regime and with the separation of the laminar 
boundary layer from the upper surface of the airfoil. The 
second part of the paper gives illustrations of the diverse 
nature of the special aircraft-design problems for which 
the wind tunnel may give valuable information. The ex- 
amples discussed are all chosen from investigations ini- 
tially undertaken at our laboratory at the request of aircraft 
manufacturers and at their expense. Many of the prob- 
lems so begun developed an independent scientific inter- 
est, so that the tests were subsequently amplified by the 
staff to a degree not at all contemplated when the work was 
started. A series of six distinct types of investigations is 


abandoned. The corrections due to the finite dimensions of the 


wind stream have been found comparatively easily by the appli- 
cation of aerodynamic theory. The establishment of model 
rules to take into account the effect of scale in size and velocity, 
i.e., Reynolds’ number, has proved to be much more difficult. 
The opinion has been widely expressed that full information could 
be obtained only by carrying out the model tests at full-scale 
Reynolds’ number. It is well known that the so-called variable- 


Mem. A.S.M.E. Professor Millikan was born in Chicago in 1903, 
and received his Ph.B. from Yale University in 1924 and Ph.D. in 
Physics and Mathematics from California Institute of Technology 
in 1928. He was a Teaching Fellow at the California Institute of 
Technology from 1924 to 1928, and since then has held his present 
position. 
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_ density wind tunnels and the N.A.C.A. giant tunnel have been 
built for this purpose. Both of these types of wind tunnel have 
_ already made very valuable contributions to the development of 
experimental aerodynamics, but there are certain difficulties 
- connected with each. The relatively small size of the models 
used in the variable-density tunnel makes the reproduction of 
small details rather difficult. Also, the initial cost of such wind 


tunnels is so large as to almost rule out their use by other than 
i supported institutions. The latter remark 


applies a fortiori to the giant tunnel, and furthermore, the cost of 

models and of operations is very large. A further complication 
3 introduced by the fact that measurements carried out at the 
_ same Reynolds number may lead to very different results if the 
_ internal structure of the artificial air streams (i.e., their state of 
_ turbulence) is different. In view of this situation, the authors 
believe that it is very important to analyze the conditions under 
which measurements in a medium-sized wind tunnel can be ap- 

plied reliably to full-scale conditions. Obviously, it is necessary 
s the measurements be carried out at a Reynolds number 
= those producing critical changes in the flow and in a range 

where certain theoretical extrapolations connected with friction 
can be safely made. It is also desirable that the wind stream 
for the tests be as free from turbulence as possible, since it is 
very simple to introduce artificial turbulence, but extremely 
_ difficult to remove an already existing turbulence. The wind 
- tunnel of the Guggenheim Aeronautics Laboratory of the Cali- 
fornia Institute of Technology has been built in such a way as 


Fie. 1 (INVERTED) IN THE GUGGENHEIM AERO- 


NAUTICS LABORATORY WIND TUNNEL READY FOR TESTS 
(The model span is 73/, ft.) 


to satisfy these conditions as fully as possible. The first part of 
this paper is devoted to a discussion of the applicability of the 
measurements made in such a wind tunnel, with particular 
reference to performance predictions. The second part dis- 
cusses a series of investigations collected in order to show the 
wide range in the type of design problems which can be attacked 
using this type of wind tunnel. 

A detailed description of the wind tunnel has previously been 
published,* so that only the chief characteristics will be repeated 
here. The diameter of the closed working section is 10 ft, and 
the wind speed for normal operation is 200 mph. The airplane 
models tested have, in general, spans of between 5 and 8 ft, so 
that the usual Reynolds number based on the wing chord lies 


2C. B. Millikan and A. L. Klein, ‘‘Description and Calibration of 
10-Foot Wind Tunnel at California Institute of Technology,’’ pre- 
sented at the Pacific Coast Aeronautics Meeting, Berkeley, Calif., 


June 9 to 10, 1932 (mimeographed), i 
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between 1,500,000 and 2,000,000. The suspension system has — 
been very carefully designed to eliminate interference between 
the model and its supports to as large an extent as possible. A 
photograph of a typical model mounted in the wind tunnel and 
ready for testing is given in Fig. 1. All of the experimental data 
discussed in this paper were obtained in this wind tunnel. Unless 
otherwise specified, the notation employed is that defined by 
the N.A.C.A. as the standard American notation using absolute 
coefficients. 

A considerable group of graduate students under the direct — 
supervision of Drs. A. L. Klein and C. B. Millikan has carried | 
out the wind-tunnel investigations discussed in this paper. In 
particular, acknowledgment should be made of the contributions | 
of Messrs. W. B. Oswald, W. H. Bowen, N. B. Moore, and R. | 
Mills. The design of the wind-tunnel balances, rigging, and all © 
auxiliary apparatus has been done by Dr. Klein. 


I—INITIAL PERFORMANCE PREDICTION 


The modern methods of performance estimation which have — 
recently been published here and abroad substitute for a graphi- 
cal method of calculation an analytical one using certain definite 
design parameters of the airplane to which numerical values are’ 
assigned. The problem of the airplane designer is to determine 
these numerical values as accurately as possible. At our labora- 
tory the most accurate, rapid, and satisfactory method of per- 
formance prediction has been found to be the analytical one de- 
veloped by Oswald and presented in full in N.A.C.A. Technical 
Report No. 408.4 The design parameters used in this method are: 
the gross weight W, the design thrust horsepower thpm, the wing 
area S, the effective span b, the equivalent parasite area f, and 
the maximum-lift coefficient Cumax. Of these, the weight and 
wing area are known for any proposed design. The design thrust 
horsepower is the product of the design brake horsepower and 
the design propulsive efficiency. The first is given by the engine, 
and the second may now be very satisfactorily estimated for any 
normal engine and cowling arrangement as a result of the very 
beautiful and complete investigations carried out in its propeller 
research wind tunnel by the N.A.C.A. The effective span may 
be expressed by the relation b.? = e(kb)*, where e is the so-called 
airplane efficiency factor, b is the largest span of the airplane, 
and k is Munk’s span factor; b is given, and k may readily be 
calculated from the geometry of the wing cellule. Hence, the 
three parameters for which the designer must obtain values are 
e, k, and Cimax. In the remainder of this section the methods 
for estimating the full-scale values of these parameters which 
have been used at the laboratory are described. 


Erricrency Factor e 


A polar of Cp versus Cz is plotted from the wind-tunnel mea- 
surements corrected for tare drag and wind-tunnel wall inter- 


ference. The parasite-drag coefficient Cp, is defined as 
| 
Co, = Co— Co; = Co — 


An induced-drag parabola (Cp; versus Cr) is now plotted on the 
same sheet as the original polar, in such a manner that the differ- 
ence in abscissas (Cp,) between it and the original polar is as 
nearly constant as possible over the range of Cx’s included in 
the normal flying range below the stall. This is assumed to be 
the corrected induced-drag polar for the airplane in Oswald’s 
sense; i.e., it is the curve corresponding to 


4'W. B. Oswald, ‘‘General Formulas and Charts for the Calcula- 
tion of Airplane Performance,”’ N.A.C.A. Technical Report No. 408 
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From this polar b.2S is determined, and, since S, b, and k are 
known, the value of e is easily deduced. This value of e is as- 
sumed to be the same as that for the full-sized airplane in free 
flight. 

The assumptions which are made in this extrapolation are that 
the influences of the following changes in passing from model to 
full scale are unimportant: 


(a) Changes in shape especially in small details 
(b) Change in Reynolds’ number 

(c) Change in character of air flow (turbulence) 
(d) Change from power off to power on. 


The validity of (a) depends upon the accuracy of the model 
work, the size of the model, and the cleanness or complication 
of the external design of the airplane. All three of these points 
are interrelated. For a very complicated design with many 
wires, struts, fittings, and excrescences, it is almost impossible 
to duplicate the airplane accurately enough in any model much 
smaller than one to be tested in the N.A.C.A.’s full-scale wind 
tunnel. For modern high-speed designs, with cantilever or 
simply braced wings, retractable or completely faired landing 
gears, enclosed cockpits, etc., it is our belief that models of suf- 
ficient accuracy can fairly readily be constructed with spans of 
the order of 6 to 8 ft. With regard to (b), there is no evidence 
with which the authors are familiar to indicate that there is any 
important change with Reynolds’ number in the variation of 
Cp, with C1, at least above Reynolds’ numbers (based on wing 
chord) of the order of 1,000,000. The same state of affairs holds 
for (c) asfor (b). With respect to (d), recent flight test researches, 
especially those carried out by the D.V.L. in Germany, indicate 
that in certain cases there is a very considerable change in e in 
passing from gliding to power-on flight. Hence predictions of e 
made in the manner here suggested are strictly valid only for 
gliding flight, but are believed to furnish valuable indications, 
at least for power-on flight. Experiments are now in hand at the 
Guggenheim Aeronautics Laboratory here, using small motors 
mounted in the wind-tunnel models and driving small propellers 
during the experiments, which it is hoped will give sufficient 
data to enable the extension of accurate predictions of e to the 
case of power-on flight. 2 = 

Having determined the parasite-drag coefficient by the method 
ot the last section, f for the full-scale airplane is most naively ob- 
tained from the formula (defining f): 


2 EqurtvaLent PARASITE AREA f 


where S is the wing area of the full-size airplane. Such an ex- 
trapolation involves the same assumptions (a) to (d) as were dis- 
cussed in the preceding section; (a) has already been considered; 
and any question as to (d) is eliminated if propulsive efficiencies 
are taken from the N.A.C.A.’s reports previously referred to, in 
which propulsive efficiencies are so defined as to take into ac- 
count the effects of changes from power off to power on. With 
respect to (c), turbulence can exert an influence on Cp, in two 
different ways: eddy resistance depends on the location of sepa- 
ration points, which may change with the turbulence conditions; 
skin friction is influenced by the transition between the laminar 
and turbulent régimes in the boundary layer. Both influences 
can be eliminated if the models tested are clean enough and the 
tests are carried out at such high Reynolds’ numbers that critical 
points do not occur near the high-speed attitude of the plane 
and the boundary layer is turbulent over the major part of the 
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i surface. It appears that these conditions are satisfied for 


models of modern high-speed airplanes tested at Reynolds’ 


numbers above 1,000,000 or 1,500,000. There remains (6), the 
effect of the change in Reynolds’ number or the scale effect proper. 
For modern high-speed transport planes a considerable extra- 
polation is here necessary, even for tests carried out in the N.A.- 
C.A.’s variable-density or full-scale wind tunnels, since for such 
planes at maximum speed the Reynolds number based on wing 
chord may reach values of the order of 20,000,000 to 30,000,000. 
The following method of making this extrapolation has recently 
been devised by the junior author and used with some success. 

Parasite drag may be divided into two categories: eddy re- 
sistance or form drag, which is approximately independent of 
Reynolds’ number (assuming that no critical points occur in the 
range considered), and skin friction. If the scale of the tests is 
sufficiently large, as previously indicated (R ~ 1,000,000 to 
1,500,000), the boundary layer may be assumed to be turbulent 
over practically all of the model, so that the friction may be 
considered as purely turbulent skin friction. The theory of 
turbulent skin friction has been actively investigated in the last 
decade. It was for some time accepted that the coefficient of 
skin friction for smooth, flat surfaces was proportional to the 
1/, power of the Reynolds number, so that it appeared at one 
time as if this “power law” represented a basic physical law. 
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This belief was subsequently proved to be false when further ex- 
perimental data obtained at higher Reynolds’ numbers than had 
previously been investigated showed that as R increased, the 
exponent decreased from '/; to '/s, then to !/;,andsoon. These 
discoveries left the basic theory of turbulent skin friction in a 
very troubled and unhappy state. Finally, the senior author, 
using reasoning based on considerations of dynamical similarity, 
was able to show that a general law could be formulated giving 
a logarithmic formula for the variation of the coefficient of skin 
friction with Reynolds’ number. The earlier power laws were 
shown to be essentially interpolation formulas for this general 
law, which has since been verified experimentally up to the high- 
est Reynolds’ numbers yet attainable. According to this theory, 
the formula connecting the coefficient of the skin friction and 
Reynolds’ number can be written* 


Th. von Karman, ‘“‘Mechanische Aehnlichkeit und Turbulenz,”’ 
Géttingen Nachrichten (Math.-Phys. Klasse), 1930; see also Proceed- 
ings of the Third International Congress for Applied Mechanics, 
Stockholm (1930), vol. I, p. 85. 

‘Th. von Karman, ‘‘Quelques Problemés Actuels de L’Aérody- 
namique,’’ Journées Techniques Internationales de |’ Aéronautique, 
Paris, 1932. 
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_ The values of C; and R are represented in Fig. 2. Cy is strictly 
the skin friction on a flat plate parallel to the flow and is defined 
= the average frictional force per unit ‘‘wetted area” on a flat 
_ plate of length J in the direction of flow divided by the dynamic 
_ pressure. # is defined in terms of the free-stream velocity and 
the length 1. 
In applying the results of this theory to the problem under con- 
sideration, two extreme cases are considered: 


Case 1: Only the wing-profile drag is considered as turbu- 
lent skin friction; the remaining parasite drag is as- 
sumed to be form drag and as such is independent of 
Reynolds’ number 

Case 2: The entire parasite drag is assumed to be skin 
friction. The characteristic length 1 is taken as the 
mean wing chord. 


Considering case 1, and letting (_ )m correspond to model con- 
ditions and ( ) correspond to full seale, while Cp, denotes 
wing-profile drag and R the Reynolds number, we have 

Coy 


Coy _ 


of 
Cdom 


where the length in FR is taken as the mean wing chord, and Cy 
is read from Fig. 2. From the Cp,,; determined in this way, 
Swings is calculated from Equation [1]. The equivalent para- 
site area for the remainder of the airplane is calculated in the 
same way, assuming the drag coefficient to be independent of R. 
The total f for full-scale conditions is then the sum of these two 
parasite areas. For case 2, the procedure is the same except that 
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Fic. 3. SpHere-DraG COEFFICIENT Cp, VERSUS REYNOLDS’ NuM- 
BER R, ror Various WIND STREAMS 


(Curves a, b, c, and d refer to the wind tunnel of the Guggenheim Aero- 

nautics Laboratory of the California Institute of Technology, with no grid 

and with grid 48 in., 20/2 in., and 10!/: in. upstream from the model, re- 

spectively. The curves for the N.A.C.A. variable-density and the Gét- 
tingen wind tunnels are also included.) 


- - Equation [2] the profile-drag coefficient is replaced by the 
= parasite-drag coefficient Cp,, and there is no additional 


term with constant-drag coefficient. Case 1 should give too 
large a full-scale f and case 2 somewhat too small a value. The 
actual f should be between the two, its proximity to one or the 
other being estimated on the basis of the amount of form drag to 
be expected—i.e., on the cleanness of the airplane design. As 
an example, the following data are given, derived from tests on 
a model of an observation-type military monoplane with wire 
bracing, pylon above the wing, tripod landing gear with wheel 
fairings, and open cockpit. The maximum velocity Vm was cal- 


culated from f, using the methods of Oswald’s paper (loc.cit.): 


Model results scaled up without Reynolds’ number correction: 
Vin = 180 mph. 

Wing-profile drag only corrected to full scale: Vm = 186mph. _ 

Total parasite drag considered as skin friction and corrected 
to full scale: Wm = 205 mph. 


Flight tests on the actual airplane gave Vm = 195 mph—i.e., 
almost exactly half-way between the two extrapolations. This 
airplane was not especially clean in comparison with modern 
transport planes, the total parasite drag being about four times 
as large as the wing-profile drag. For some recent planes the 
total parasite drag is only about twice the wing-profile drag, and 
in such cases the two extrapolations would give results much less 
far apart, with the actual Vm lying nearer to the higher estimate 
because of the smaller percentage of form drag. ae 

In extrapolating wind-tunnel results for Cumax to full scale 
in order to estimate landing speeds, the same changes (a) to 
(d) previously discussed must again be considered. Item (d) may 
be neglected, since in practise the landings are almost always 
made with the motor idling, although there is evidence that in 
some cases of unfortunate placing of the propeller relative to the 
wing the presence of an idling or stopped propeller lowers Cimax 
to some extent. With regard to (a), investigations here at the Gug- 
genheim Aeronautics Laboratory and elsewhere have shown that 
slight roughness or protuberances near the leading edge of a wing 
may lower its Cumax very appreciably. Hence the finish of this 
portion of the model should be as perfect as possible. At the 
aeronautics laboratory here this is accomplished by spraying the 
model with several coats of lacquer and rubbing down to a high 
polish. In some cases of rather protracted or interrupted tests 
this process has been repeated several times during the course of 
an investigation. By this means highly reproducible values of 
Crmax are attained which are thought to permit safe extrapola- 
tion to full scale, at least in so far as (a) is concerned. The effects 
of (b) and (c) (i.e., Reynolds’ number and turbulence) are very 
large and have in the past been very confusing, as is evidenced 
by the large discrepancies between the values of Crmax reported 
by different wind tunnels for the same airfoil section. The 
confusion in this matter prompted Drs. Klein and Millikan to 
undertake an elaborate experimental investigation of the phe- 
nomenon in the spring of 1932, introducing turbulence artificially 
into the wind-tunnel stream by means of screens placed upstream 
from the model. Shortly afterward the present authors began 
work on a theoretical discussion of the problem, which turned out 
to be correspondingly elaborate. The complete results of both 
researches are appearing currently in technical journals. In the 
remaining paragraphs of this section a brief account of the most 
important results will be given.’ The experiments were carried 
out on a model of the N.A.C.A. 2412 section with rectangular 
plan form, aspect ratio 6, and span 6 ft. The model was furnished 
by the Boeing Airplane Company and was very accurately made 
of laminated wood finished to a high polish. For the results to 
be discussed here, turbulence was introduced into the wind stream 
by placing a grid of rods '/s in. in diameter, spaced */, in. apart, 
at various distances upstream from the model. The rods were 
perpendicular to the wind stream and to the span of the model, 
and the grid was of such a size and so placed that the entire wing 
was in its “wind shadow” at all angles of attack. For each posi- 
tion of the grid, measurements were taken of the resistance of 2 
sphere placed in the position normally occupied by the cente! 


3 Maximum Lirt Cimax 


7See also Th. von KArman, ‘‘Quelques Problémes Actuels de 
l’Aérodynamique,”’ Journées Techniques Internationales de |’ Aéro 
nautique, Paris, 1932. 
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Using the criterion suggested by Dryden and 


of the wing. 
Kuethe,* the values of the Reynolds number at which the sphere- 
drag coefficient had the value 0.3 furnished a measure for the 
degree of turbulence caused by the grid in the different positions. 
The sphere-drag curves obtained for three positions of the grid 
and with the grid removed are given in Fig. 3. The curve re- 
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(The curves a, b, c, and d refer to the same flow conditions as to the cor- 
responding curves of Fig. 3. The value reported from the variable-density 
tunnel is indicated.) 


ported for the N.A.C.A. variable-density tunnel is also included 
for comparison.’ It will be noticed that the degree of turbulence 
in the variable-density tunnel is apparently about midway be- 
tween those obtained in the laboratory tunnel with the grid in 
the two positions nearest the model (c and d). The variable- 
density tunnel is chosen for the comparison, since one of the 
main purposes of the investigation was originally an attempt to 
explain the extremely large discrepancy between the values of 
Cimax for the 2412 wing reported from the variable-density 
tunnel and those obtained in our laboratory experiments. 

For each of the configurations a, b, c, and d, polars were ob- 
served for the wing at a series of seven or eight Reynolds’ num- 
bers. Curves giving the result as regards Ciumax are plotted in 
Fig. 4, together with a point giving the Cumax reported by the 
variable-density tunnel.'° A curve midway between c and d ex- 
trapolated to R = 3,000,000 would apparently come very close 
to the latter point. This result is entirely consistent. with the 
sphere-drag curves of Fig. 3. 

The conclusion to be drawn from these results is that both 
Reynolds’ number and turbulence have very pronounced effects 
on Cumax. The variation with R is the more pleasant of the 
two, since it appears that at R ~ 1,500,000 the curves are rapidly 
approaching horizontal asymptotes, so that extrapolation to 
higher values of R should be possible with some measure of con- 
fidence. This seems to be especially true for the curve a cor- 
responding to the clean tunnel or the normal operating state. 
The variation with turbulence at once raises the question as to 
the degree of turbulence to be expected in free flight. Experi- 
ments are under way to determine the critical Reynolds’ number 


_ 


* H. L. Dryden and A. M. Kuethe, “‘Effect of Turbulence in Wind- 
Tunnel Measurements,’’ N.A.C.A. Technical Report No. 342 (1930). 

* John Stack, ‘‘Tests in the Variable-Density Wind Tunnel to 
Investigate the Effects of Scale and Turbulence on Airfoil Character- 
istics,’ N.A.C.A. Technical Note No. 364 (1931). 

10E. N. Jacobs and K. E. Ward, ‘‘Tests of N.A.C.A. Airfoils in 
the Variable-Density Wind Tunnel, Series 24," N.A.C.A. Technical 
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of a sphere mounted on an airplane flown under various condi- 
tions. It is hoped that these tests will furnish data pertinent to 
this question. 

The theoretical investigation mentioned was undertaken in 
the hope that the physical mechanism underlying the results 
just described might be elucidated. The experimental fact was 
known that, even in the case that the general flow outside of a 
boundary layer is turbulent, the boundary layer starting from the 
stagnation point has a laminar character. However, the degree 
of the outside turbulence has a large effect on the transition point 
between the laminar and turbulent state in the layer itself. It 
was there “ore suspected that the large influence of external turbu- 
lence on Cimax might be connected with this phenomenon. In 
view of the complexity of the phenomena, it was not at all ex- 
pected that theoretical curves duplicating those of Fig. 4 could 
be deduced, but it was hoped that results similar enough to the 
experimental ones might be predicted, so that the essential physi- 
cal processes involved might be visualized. For this purpose 
an analysis of the laminar boundary layer about a two-dimen- 
sional airfoil was attempted. A new method of discussing bound- 
ary layers with external pressure gradients was developed, of 
which the only element which need be discussed here is the fol- 
lowing: Instead of using the distance along the solid surface 
from some origin as one of the variables of the problem, it was 
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found convenient to use the value of the potential function 
¢ associated with the external potential flow measured from the 
forward stagnation point as origin. The value of ¢ at any point 
is then merely of the line integral Uds along the surface from 
the stagnation point to the point in question, where U is the ratio 
of the potential velocity outside of the boundary layer to the 
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undisturbed flow velocity, and ds is an element of length along 
the airfoil surface, perpendicular to the span, divided by the 
airfoil chord. 

The potential flow-velocity distribution over the upper surface 
of an N.A.C.A. 2412 airfoil from the stagnation point downstream 
was calculated by Theodorsen’s method"! for a series of values of 
Cx. The squares of the velocities so obtained are plotted against 
gin Fig. 5. For simplicity in making the succeeding calculations, 
each of these curves was approximated by two intersecting 
straight lines, which are shown dotted in Fig. 5. The errors 
introduced by this approximation should be relatively unim- 

see 8 
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Fie. 6 Scuematic DIAGRAM OF THE BOUNDARY LAYERS FOR FLOW 
Atone a Fuat at Two Reynoips’ Numpers (R = U1/y) 
(The motion upstream of the transition point T as R increases is indicated.) 


NTE 


Fic. 7 D1aGRaM OF ALTERNATIVE FLows ABOUT AN AIRFOIL NEAR 
Cimex 


(The boundary layer over the wee surfaceis indicated by the heavy line. 

In (a) the transition point would be downstream from the separation point S, 

and the flow separates from the airfoil. In (b) the transition point 7 is u 

stream from the calculated separation point S, the turbulent layer (dotted) 
clings to the surface, and the separation does not occur.) 


portant in view of the nature of the problem. The separation 
points at which the flow breaks away from the airfoil surface 
were calculated for the boundary layer associated with each of 
the curves, and are indicated on the figure. The boundary- 
layer thickness at the separation point 5, was determined for 
each of the curves, and a corresponding boundary-layer Reyn- 
olds’ number Rs, was defined by 


11 Theodore Theodorsen, ‘‘Theory of Wing Sections of Arbitrary 


where U, is the potential velocity just outside the boundary 
layer and at the separation point and » is the coefficient of kine- 
matic viscosity. 

A result obtained both experimentally and theoretically for 
boundary layers along flat plates in a uniform flow was now ex- 
tended to the boundary layers under consideration. This result 
is the following: Ifa boundary-layer Reynolds’ number Fs be as- 
sociated as in Equation [3] with the laminar boundary-layer 
thickness 6, along a flat plate parallel to a uniform flow, then for 
any given degree of turbulence in the external flow there exists a 
definite critical value of Rs, called Rs,, at which the laminar flow 
in the boundary layer becomes unstable. Hence, when F35 
(which increases continuously as one goes downstream from the 
leading edge) reaches the value of Rs,, a transition point occurs. 
Upstream from this transition point the flow in the boundary 
layer is laminar, while downstream the flow is turbulent (see 
Fig. 6). 

The variation of 5 with the external velocity U is such that, as 
U (or the basic Reynolds’ number RF referred to the length of 
the plate) increases, the transition point moves upstream for 
a given Rs,. The value of Rs, depends on the degree of turbu- 


05 ime} 15 20 25 
R 


a 8 THEORETICAL CURVES OF Cymax VERSUS R FOR VARIOUS 


oF R35, 


(Dotted curves represent calculated values. Solid curves represent poush 
extrapolations for the larger values of R, based upon reasoning given in the 
text.) 


lence in the external flow in such a way that, as the turbulence 
increases, Rs, decreases. For flow along a flat plate the values 
of Rs, lie between about 10,000 for very smooth flows and about 
1500 for very turbulent flows. 

It was assumed that conditions are similar for the flow over 
an airfoil; i.e., for any external flow there exists an Rs, such that 
when the boundary-layer Reynolds’ number Rs reaches R5,, 2 
transition point occurs and the boundary layer changes from 
laminar to turbulent. The problem under consideration can 
be put in the following way: Under what conditions can a cer- 
tain value of Cz be reached? Obviously, it depends on which 
of Rs, or Rs, is the larger. If Rs, < Rs,, then the flow will sepa- 
rate from the airfoil at the calculated separation point, the as- 
sumed potential flow cannot exist, and the corresponding as- 
sumed value of Cx cannot be reached. If, on the other hand, 
Rs, > Rs, the transition point will be upstream from the cal- 
culated separation point, and the flow at the latter point will 
no longer be laminar, as was assumed, but will instead be turbu- 
lent. 

From experiments on spheres and other bodies, it is known 
that a turbulent boundary layer clings to a surface and resists 
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NORMAL WHEEL FAIRING 


Therefore, in the case that Rs, > Rs,, the boundary layer will 
cling to the upper surface of the airfoil, and the possibility is 
given that the lift coefficient in question will be attained. The 
alternatives are illustrated schematically in Fig. 7. Whether 
the value of Cx in question will actually be reached depends on 
the behavior of the turbulent layer after the transition. Since 
very little is known about the laws governing the separation of 
turbulent boundary layers, it was assumed for this investigation 
that such a separation never occurs. Under this assumption, 
Rs, = Rs, is a limiting case such that the assumed Cz is just 
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Tripop aNb “Pant Lee’’ LANDING GEARS OF NORTHROP 
ALPHA 


(Dimensions correspond to full scale. Model one-sixth full scale.) 


attained. If the basic flow Reynolds’ number R (= Ut/», 
where ¢ = airfoil chord) is decreased, Rs, is decreased, separation 
occurs, and the assumed Cz is not attained. If FR is increased, 
no separation occurs, and the assumed Cz is attained. Hence 
for every set of values of Cx and Rs, we get certain definite 
values of R such that the assumed Cz is just the Cimax which 
can be obtained. Hence for a given Rs, we may determine Czrmax 
as a function of R. This has been done for a series of values 
of Rs,, and the results are plotted as dotted curves in Fig. 8. 

It will be observed that our assumption as to the lack of sepa- 
ration for turbulent boundary layers implies that unlimited val- 
ues of Crmax are possible. This obviously represents an over- 
simplification, since somewhat analogous laws almost certainly 
govern the separation of turbulent and laminar boundary layers. 
Hence it is probable that those portions of the curves of Fig. 8 
which are concave upward or have negative slopes are quite in- 
correct and should actually be replaced by branches similar to 
those drawn in solid lines. 

If one compares the theoretical curves of Fig. 8 with the experi- 
mental ones of Fig. 4, one sees that for Cimax < 1.2 to 1.4 the 
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general nature of the two families is very similar. For larger 
values of Cimax the theory gives very considerable effects of 
turbulence, but the shape of the theoretical curves is not satis- 
factory, for the reasons mentioned. The rather low values of 
Rs, are not at all surprising when the unstable nature of the ve- 
locity profiles near a separation point is remembered. In any 
case the investigation shows without doubt that the physical 
basis of the large effect of the turbulence on the maximum-lift 
coefficient has been correctly determined as resting upon a transi- 
tion-point versus separation-point contest. It will be noted 
that this is the same type of explanation as was given many years 
ago by Prandtl in connection with the then mysterious sphere- 
drag phenomenon. 


II—SPECIAL DESIGN PROBLEMS 


In this second part of the paper there will be discussed a series 
of different types of aireraft-design problems which have arisen 
and have been investigated in the wind tunnel of the Guggen- 
heim Aeronautics Laboratory of the California Institute of Tech- 
nology. Many of the tests to be considered originated at the re- 
quest of commercial firms, in which cases the costs were borne by 
the firms concerned and the results were to remain confidential 
for a definite length of time. In such cases the illustrative data 
here furnished are of necessity incomplete.!? In several in- 


Fic. 10 PHoroGrapH or Norturop ALPHA WIND-TUNNEL MopDEL 
(With shortened ‘‘pant leg’’ landing gear.) 


stances investigations begun in this manner developed a consider- 
able scientific importance in the eyes of the laboratory staff, so 
that the tests were made much more extensive than had originally 
been contemplated, and arrangements were made for fairly early 
publication. The experiments discussed in Sections 2, 4, and 5 
following belong in this latter category. The results to be pre- 
sented here fall naturally into rather distinct groups, as indicated 


by the titles of the sections. _ 


The precision attained in ordinary drag measurements is 
limited essentially by the accuracy with which the tare drag can 
be determined. The precision of tare-drag measurements is 
considerably less than that for gross-drag observations, due 
chiefly to difficulties inherent to the tare-drag set-up and to un- 
avoidable interference between the model and the supporting 
system. It is conservatively estimated that the tare drag is 
accurate to within about 5 per cent, which means that the mini- 
mum drag of airfoils may be determined with about the same ac- 
curacy, while the determination of the minimum drag of complete 
airplane models should be accurate to within 2 per cent or better. 


1 ComparaTIVE DraG INVESTIGATIONS 


12 The authors wish to make particular acknowledgment of the 
courtesy of the Douglas, Boeing, and Northrop Aircraft Companies in 
permitting the inclusion of the results of such tests as are here dis- 


cussed. 
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estimated to furnish about 
35 per cent of the gross 
minimum drag of the com- 
plete airplane in flying con- 
dition. The question as to 
whether the additional 7 per 
cent which could be saved 
by a completely retractable 
gear is worth the added 
weight and complication 
which such a gear entails is 
one for the designer himself 
to decide. It might bemen- | 
tioned that removing the 
very small fillet which may | 
be seen in Fig. 10 between 
wing and fuselage caused — 
an increase of 20 per cent 
over the standard drag. : 
(b) Cockpit Enclosures. | 
» 


In connection with a recent — 
series of tests made for the 
Boeing Airplane Company, — 
the details of which are still | 
confidential, a model of a 
very clean airplane was © 
tested with a normal open 
cockpit with windshield and ; 
headrest, and the same — 
model was then tested with 
RE, a completely st 
NOSE cockpit enclosure. The 
results given in Fig. 11 

> furnish a typical example 
of the very large effects to 


Fie. 11 Parasirre-DraG CoEFFICIENT VERSUS 


Lirt CoEFFICIENT Of O2 O4 
(For complete airplane model with and without cockpit Lese | | 
which such modifications 

Fie. 12 Parasire-DrRaG CoeEFFICIENT VERSUS’ may lead. 
However, if a given model is tested succes- Lirt COEFFICIENT FOR COMPLETE AIRPLANE MopEL (c) 


“sively with various modifications, the tare drag (With various radial-engine cowling arrangements. The 


Engine Cowlings. 


streamline nose replaced engine and cowl.) In connection with the afore- 
remains the same for all the tests and the dif- mentioned tests, the model, 


_ ferences in drag between the various model configurations can which was furnished with a very accurate small-scale reproduction 
- be determined with much higher accuracy than the foregoing of a standard air-cooled engine, was investigated with a series’ 
_ figure. A considerable number of investigations of this type of four ring- and N.A.C.A.-type cowls. The differences ae 
_ have been made at our laboratory, some of which will be briefly some of the latter were so slight as to be difficult of detection 
described here. 
(a) Tripod and “Pant Leg” Landing Gears. A series of 
_ measurements was completed in December, 1930, on a model of | 
_ a Northrop Alpha airplane without engine, cowl, cockpit, or tail 
surfaces. A normal tripod landing gear and a “pant leg” 
gear with various modifications were attached. Dimensioned | 
_ drawings of the landing gears are given in Fig. 9, and a picture of — ; 
_ the wind-tunnel model with shortened pant-leg landing gear is 
given in Fig. 10. The model was tested in the high-speed atti- 
_ tude, the results being obtained at a wind speed of 210 mph. The 
_ drag of the model with no landing gear (corresponding to a com- 
pletely retracted gear) was taken as a standard of comparison, 
and the percentages of this standard drag added by the various 


Percentages of standard 
drag added by gear 
Pant leg, ee faired 
Pant leg, normal 
Pant leg, shortened 
Tripod 


It will be noticed that the normal pant-leg gear has only one- Fig. 13 PHoroGrarH oF Optimum CoWLING AND STREAMLINING 


fifth the drag of the tripod gear, and that the latter would be (For “‘belly’’ radiator of Douglas YO-31 airplane model.) ae 
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upon casual observation. The 
results given in Fig. 12 show 
the well-known reduction in 
drag due to the use of this type 
of cowl and also furnish evi- 
dence as to the possibility of 
choosing the optimum of a 
series of very similar configura- 
tions, in view of the accuracy 
indicated by the experimental 
points. 

(d) Radiator Cowling and 
Fairing. In the course of an 
investigation on a model of a 
Douglas YO-31 observation 
plane, it was noticed that a 
rather large bump placed on 
the bottom of the fuselage some hw 


distance behind the normal 
“belly” radiator caused no in- 
crease in drag. An investiga- -05 — — 


tion into the influence of cowl- 
ings and fairings in connection 


-06 - 

with such a radiator was ac- 
cordingly undertaken. The 
optimum configuration arrived a 
at is shown in Fig. 13, and the 
comparative drag measure- -08 
ments showing the results with \ 
this configuration and with the -o9+- 
standard radiator installation \ 
(a short tunnel and no fairing b 

behind) are given in Fig. 14. | 
The precision as indicated by I 


the scatter of the experimental 


,0ints is again interesting. Fie. 15 COEFFICIENT VERSUS LiFT COEFFICIENT 
(e) Wing-Engine Nacelles. (For transport airplane wing only. CMo.2 and CMo.x give moments about the 25% and 22% points of the cal- 
: 5 culated mean aerodynamic chord, respectively. CMc.g. gives moments about the assumed center-of-gravity 
A model of a large airplane with position of the airplane.) 


two air-cooled wing engines was 

recently tested in our laboratory wind tunnel. The nacelles and  cowling arrangements and three wing-nacelle fillets was tested. 
engine cowlings were designed in accordance with the latest The final or optimum configuration gave, with reference to the 
recommendations embodied in the exhaustive reports published _ original nacelle and cowling as mounted on the model— 


on the subject by the N.A.C.A. In connection with the par- qa decrease in minimum parasite-drag coefficient of 0.0006, 
ticular wing used, it appeared, however, that there were cer- or 3 per cent of the gross minimum drag; 
tain undesirable interference effects, especially in the cruising a decrease of parasite-drag coefficient in the attitude for 


range and near the stall. In the attempt to improve the aero- single-engined operation of 0.003, or about 10 per cent 
dynamic characteristics, a series of eight modified nacelle- of the gross drag at this attitude; 


Oe 7 an increase in maximum-lift coefficient of 0.12. 
| The results of this particular investigation are particularly 
om significant in that they indicate the great value of having one of 
Fa the designers, who is working on the plane, present and cooperat- 
a ing during the tests. It is very difficult to see how so consider- 
ot oy able an aerodynamic improvement, which was structurally and 


In this field the most elaborate studies undertaken at our labo- 


| economically entirely feasible, could have been effected if this 
= Laas, | procedure had not been followed during the investigation. a 
| 
2 INTERFERENCE PROBLEMS 
| | STANDARD is 

f 

| | 


ratory have been those connected with wing-fuselage interference 
| — : and reported by A. L. Klein’ at an aeronautic meeting one year 
a | | | Cc. the use of physicist’s wax for making alterations to a model, the 

Fie. 14 ParasiTe-DraG CorFFIcIENT Versus Lirt CoEFFICIENT A. L. Klein, “The Effect of Fillets on Wing-Fuselage Interfer- 


98 the configuration of Fig. 13 and for the same model with standard ence,’ presented at Pacific Coast Aeronautics Meeting, June 9 
radiator cowling.) and 10, 1932 (mimeographed). a4 i 
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measurement of lift, drag, and pitching moment on the wind- 
tunnel balances, and an investigation of the flow pattern behind 
the model by means of a large number of small pitot and static- 
pressure tubes connected to a multiple manometer. Since 
Klein’s paper discusses the problem in detail, no further discussion 
will be attempted here, except the statement that the same tech- 
nique has been successfully applied in investigating the inter- 
ference between wings and nacelles, landing gears, protuberances, 
etc. 


3 LonGITUDINAL STABILITY AND CONTROL 


An interesting example of the contribution which the wind tun- 
nel can make to the problem of static longitudinal stability oc- 
curred recently in the course of tests on a model of a large and 
very carefully designed transport monoplane. The wing had a 
rectangular center section and considerably tapered outer sec- 
tions. The mean aerodynamic chord was estimated by the 
customary methods accepted by present-day designers, and the 
center-of-gravity location was determined relative to this mean 
aerodynamic chord so as to give the desired degree of stability. 
When the complete model was tested, the stability was found to 
be too small, and when the wing was tested alone, it appeared 
that the pitching moment coefficient was constant, not about the 
25 per cent point of the mean aerodynamic chord, as was to be 
expected, but about the 22 per cent point. The pitching-mo- 
ment curves for this wing are shown in Fig. 15. In this case also 
a designer of the airplane was present at the tests, and a new wing 
was promptly designed which had the effect of moving the center 
of gravity of the airplane 3 per cent forward. When the model 
was retested with this new wing, the stability was almost pre- 
cisely that expected. In cases which involve more unorthodoxy 
than mere wing taper, the contribution which the wind tunnel 
can make is still more important. 

In connection with the recent development of fixed stabilizers 


ELEVATOR ANGLES 6 FoR VARIOUS FLETTNER SETTINGS 
The model was the 


Fie. 17 
[As a function of the angle of attack a (elevator free). 
same as for Fig. 16.] 


in which trim is obtained by means of Flettner controls on the 
elevator, the problems of stabilizer setting, adequacy of elevator 
control, and effectiveness of the Flettner become extremely im- 
portant. If the designer is to build the stabilizer as a rigid por- 
tion of the fuselage structure, he must know the correct stabilizer 
setting before building or even designing the plane. This ques- 
tion (at least for power-off flight) can very easily be answered in 
the wind tunnel, and several such investigations have been made 
at our laboratory. In order to obtain data with regard to ade- 
quacy of elevator control and Flettner effectiveness, the most 
straightforward procedure is to measure elevator-hinge moments 
as well as pitching moments for various elevator and Flettner 
angles. This, however, is a rather awkward and difficult matter 
on a complete airplane model. The alternative procedure here 
described has proved very satisfactory. The elevator is attached 
to the stabilizer by means of very small-size ball bearings which 
cause no disturbance of the surface of either portion of the tail. 
Arrangements are also made to clamp elevator and Flettner 
independently at any desired angle. Runs are first made with 
Flettner clamped neutral and elevator free, so as to determine 
the hands-off stability. Then with the model at a series of angles 
of attack, the Flettner is clamped at various angles and the free- 
elevator angle is observed. Finally, measurements of the pitch- 
ing moment are made with the elevator clamped in its extreme 
positions, both with Flettner neutral and with Flettner setting 
such that the free elevator assumes its extreme position. These 
data are sufficient to tell whether or not the plane can be trimmed 
at any point in the flying range with no force on the elevator 
controls. A more extensive series of pitching-moment measure- 
ments may also be made with elevator free and Flettner clamped 
at a series of angles. A set of curves of the latter type for an 
airplane whose controls are ample but whose stability near the 
stall is not satisfactory are shown in Fig. 16, and a typical family 
of curves for free-elevator angle at a series of Flettner settings is 
given in Fig. 17. 


4 Hics-Lirr anp AERODYNAMIC BRAKING Devices 


Several types of high-lift and drag-increasing, or aerodynamic 
braking, devices have been studied in our laboratory wind tunnel, 
but of these only one will be discussed here, since it appears at 
the present time to have considerable advantages over all the 


others. The bottom surface or split trailing-edge flap was first 
investigated, as far as the authors are aware, in 1921 in the wind 
tunnels at McCook Field and the Navy Yard. Unfortunately, 
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without flaps, with flap on the 


center section only, with flaps 
on the outer wing panels only, 


+: el and with flaps across both cen- 

rel panels. e results are given 

in Fig. 19. Thecurves for flaps 

a, and free-air ailerons are dis- 
= 


os cussed in the next section. (It 
should be mentioned that the 
curves for the wing without 
flaps were taken near the end of 
the investigation, which ex- 
tended over several months. 
Similar curves from runs near 
the beginning of the series of 
s) = did not show the curious 


flat top at the stall and reached 
values of Ciumax of 1.33. It is 


Fic. 18 Taperep Wine Borrom SurFace 
(Dimensions are in inches and correspond to model scale.) 


the reports on these tests have remained confidential and have 
never been published. A series of tests on a split trailing-edge 
flap was described by Bamber in 1929.'* More recently there 
has been considerable activity in connection with such devices, 
sponsored to a large extent by the Zap Corporation. Finally, 
systematic tests dealing with bottom-surface flaps have very 
recently been made at Géttingen, and an explanation for their 
effect has been given.'® In March, 1932, an investigation of an 
extremely simple type of bottom-surface flap was undertaken for 
the Northrop Corporation and furnished very interesting results, 
some of which are here discussed. g A paper by Drs. Millikan and 
Klein describing the experiments and results in detail is appearing 
currently in one of the technical journals. i 

The wing used in the tests was a tapered wing whose center 
section was originally that of the 


_ thought that warping of the 


caused a twist, so that in the 
later runs one side of the wing 
stalled before the other. Slight 
asymmetries in the flaps might 
easily counteract this effect, as 
was apparently the case.) The 
increase in Cymax from about 1.3 to 2.04 effected by the complete 
flaps is the most striking feature of the curves. In this con- 
nection the effects of center-section and outer-wing flaps ap- 
pear to be nearly additive. However, the decrease in the L/D 
ratio just below the stall from about 13 to about 6 is almost 
equally noteworthy, since it corresponds to a very considerable 
increase in the gliding angle for this condition. The increase in 
the diving moment is rather appalling, and at first sight seems 
almost to rule out the possibility of using the device practi- 
cally. However, subsequent tests on a model of a low-wing 
airplane, with a wing similar to the foregoing, but complete 
with tail surfaces, eliminate this apparent difficulty. The 
pitching-moment coefficients for this airplane are shown in 
Fig. 20 for the configurations without flaps, with outer-wing 


N.A.C.A. 2415, while the tip was ** Te | 
2409. Unfortunately, the wing, 20 | es | 
which was made of wood, warped = 
ation, so that these sections 
not accurate. The wing NN q ) 
and flaps are shown in Fig. 18. | \ ' 
(The auxiliary airfoil there in- ma / \ \ 
dicated will be discussed in the L2 f 
next section.) The flap was ' \/ 
made of 0.039-in. galvanized iron \ 7 7 
sheet and was screwed to the ‘ | / 
bottom of the wing in three | Nl | /* / 
sections—one on the center sec- 6 | 3 ; 
tion and one on each outer wing | | 
panel. The wing was tested 4 t | Py 

J. Bamber, “Wind-Tunnel 
Tests on an Airfoil Equipped With loc | 4 
a Split Flap and Slot,”” N.A.C.A. io 15 40 
Technical Note No. 324 (1929). =3 =4 

16 FE. Gruschwitz and O.Schrenk, Cu 


“On a Simple Method of Increas- 
ing the Lift of Wings,’’ Zeits. fir 
Plugtechnik und Motorluftschiffahrt, 
vol. 23, no. 20, p. 597 (Oct. 28, 


Fie. 19 Cp, a, Cy Versus Cy, For THE WING oF Fie. 18 


(Stalling-moment coefficients Cy are referred to an axis through the trunnion point indicated in Fig. 18. The 
curves refer to the following configurations: A, normal wing, no flaps; B, wing with center-section flap; C, wing 
with outer-wing flaps; D, — with complete flaps; Z£, wing with complete flaps, and free-air ailerons in position 
1932). with neutral setting —-10° from reference axis.) 
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flaps, and with complete flaps. It appears that the addition of 
the flaps increases the downwash at the tail so much that the 
large diving moment of Fig. 19 is entirely neutralized for the 
complete flaps. For the outer-wing flaps the downwash is not 
quite enough to completely neutralize the flap diving moments, 
but even in this case the net diving moment produced by lowering 
the flaps is not unmanageable. In this connection it might be 
remarked that the Northrop Gamma as built for Frank Hawks 
and the Ellsworth Antarctic Expedition was equipped with flaps 
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tion of the problem was undertaken by Klein and Millikan, the 
detailed results of which appear in the paper to which reference 
was made in the last section. A brief survey of the most impor- 
tant results is given here. 

The two free-air ailerons employed are shown in Fig. 21, and 
the five locations investigated are indicated in this figure and in 
Fig. 18 by the hinge locations A-E. In Fig. 18 the aileron is 
shown in position C. The wing was also tested with the normal- 
type ailerons indicated in Fig. 18. Rolling- and yawing-moment 

coefficients will be denoted by Cr and Cy, to avoid 


confusion, where Cr = rolling moment/gSb, Cy 
= yawing moment/gSb, q = dynamic pressure, 


S = wing area (not including that of free-air ail- 
erons), 6 = wing span. Aileron angles refer to 


displacements from assumed neutral settings, plus 
angles corresponding toa lowering of the aileron 


trailing edge, and minus angles toaraising. The 
neutral settings are defined by the angle between 


the reference axes of the aileron and wing as in- 


dicated in Fig. 21. The same convention as to 
signs holds as inthe foregoing. The aileron angles 


are given in pairs, the first figure corresponding to 
the right aileron and the second to the left. A 


positive rolling moment is one tending to lower 
the right wing, and a positive yawing moment is 


one tending to retard the right wing. It is as- 
sumed that if the right aileron is given a negative 


angle (trailing edge raised), the desirable charac- 
teristics are that both rolling and yawing mo- 


ments are positive. Moments of the desired sign 
are plotted as full lines, while undesirable signs or 


reversals of control are plotted as dotted lines. 
Unfortunately, at the time of these experiments 


& 


] 


there were not sufficient wind-tunnel balances 
available to measure lift simultaneously with 


rolling moment, yawing moment, and side force. 
Hence the moment curves are plotted against angle 


of attack uncorrected for wind-tunnel interference 


(au), and an auxiliary curve of Cx versus a, is 
included. This curve is taken from a run with 


the same wing configuration, but without free- 


air ailerons. The normal ailerons had a total 


area of 7.0 per cent of the normal wing area, while 
the free-air ailerons had 5.6 per cent of the normal 


wing area. 
In Fig. 22 the moments are plotted for the 
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(Fora toweling shemegione model with and without bottom surface flaps and with various 
Cw is referred to the center of gravity of the airplane.) 


elevator and Flettner angles. 


on the outer wings only, and the lowering of the flaps in flight was 
accomplished with no difficulties by the pilot. 


5 DEvIcEs 


At the time of the first tests on the bottom-surface flaps at- 
tempts were made to secure satisfactory lateral control with the 
flaps lowered, by various modifications to the normal aileron 
system. None of these met with success. When the flap mecha- 
nism of the Northrop Gamma was designed, there was not suf- 
ficient time to permit of wind-tunnel tests on a lateral-control 
system. Consequently, free-air ailerons were used which were 
designed in accordance with suggestions from Mr. Temple Joyce. 
These ailerons were mounted above the trailing edge of the wing. 
It appeared to the junior author that these ailerons must lose 
much of their effectiveness at the stall and that a more suitable 


location should be possible. Accordingly, an extensive investiga- 


normal ailerons. The yawing moments are un- 
favorable throughout, and the rolling moments fall 
off badly at the stall. The relatively small values 
of C, at low lift coefficients are not surprising in view 
of the size of the ailerons. Rolling moments for the free-air ailerons 
in positions E and D are plotted in Fig. 23. These results are 
not as accurate as the others presented, since a correction due to 
side force was not included. However, they show that for the 
trailing-edge position E, C; falls off very badly just above the 
stall, and at D the magnitude of the rolling moments up to the 
stall is unsatisfactory. Position B gave results much inferior to 
A, and C was likewise not quite as satisfactory as A, so that only 
the latter will be discussed. In Fig. 24, rolling and yawing mo- 
ments for position A without flaps are given, while in Fig. 25 
are similar results for position A with outer-wing flaps. Several 
very striking features are apparent. C;, increases with Cz up to 
the stall. This is a very desirable characteristic, since it means 
that for a given rolling effect the tendency is for the aileron angles 
to be roughly the same for all angles of attack; i.e., if the control 
is adequate near the stall, it is not oversensitive at the high- 
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Fig. 21 Free-Arg AILERON DIMENSIONS AND LOCATIONS 
(As tested on the wing of Fig. 18. Dimensions are in inches and correspond to model scale.) 


Fic. 22 YAWING-MoMENT COEFFICIENTS FOR NORMAL AILERONS AT VARIOUS SETTINGS 


(au is the angle of attack uncorrected for wind-tunnel wall interference. Desirable moments correspond to full 
lines, undesirable ones to dotted lines.) 
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speed attitude. The magnitude of C, just below the stall is 
much larger than with the normal ailerons, and a considerable 
C, still remains after the drop above the stall. In this connec- 
tion it is believed that the oscillations of the curves above the 
stall are probably due to the lack of symmetry in the wing; i.e., 
for an accurate and symmetrical wing the curves would prob- 
ably go approximately through the middle of the waves which ap- 
pear in the figures. The yawing moments are in the correct sense, 
except for the cases in which one aileron is at 4'/, deg. This, 
as well as the negative values of C, for —6 deg, + 4'/s deg at 
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flown in this state. It appears from the results that the most 
satisfactory linkage for the ailerons would probably be one giving 
only up travel (i.e., complete differential) and allowing maxi- 
mum displacements from the neutral setting of about 45 deg. 
Such a free-aileron system can apparently be designed to give 
lateral control considerably better than that furnished by most 
present-day systems, and having the great advantage that its 
practical effectiveness is not decreased by the use of bottom sur- 
face flaps. It should be explicitly pointed out that flight tests 
on such a free-air aileron system have yet to be reported and 
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{The neutral setting in both positions corresponded to aileron angles of +1° from the wing reference axis (cf. 
ig. 2 


Fig. 


large angles of attack, suggests that for the particular aileron- 
wing combination employed the optimum arrangement might 
be one with no down travel of the ailerons. The very large favor- 
able yawing moments for large aileron deflections just below the 
stall are very satisfactory. The effect of the flaps, at the angles of 
attack above 5 deg at which they would normally be used, is to 
increase both rolling and yawing moments for large aileron de- 
flections. The apparent decrease in effectiveness at small angles 
of attack when the flaps are lowered is probably of no practical 
importance, since an airplane would almost certainly never be 


that the configuration is such that its effectiveness will almost 
certainly be much affected by minor changes. Hence great 
caution should be used in the initial attempts to apply the system 
to an actual airplane. 

The effect of the ailerons in position A on Cx, Cp, a, and Cu 
is shown by the highest curves of Fig. 19. Czmax is increased 
nearly 10 per cent, attaining a value with ailerons and flaps of 
practically 2.2. The addition to the minimum drag coefficient 
of the wing only is somewhat less for position A than for any of 
the others. In the present tests this addition amounts to about 
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13 per cent of the minimum drag of the wing alone, but a large 
proportion of this is undoubtedly due to the very crude hinges 
which were necessary for the wind-tunnel model. The Northrop 
Gamma was equipped with free-air ailerons in position Z, which 
causes more drag than position A, and the high performance ob- 
tained in flight tests indicates that the overall minimum drag 
is comparatively small. 


6 MEASUREMENTS 


One more field in which the wind tunnel can be of great service 
to the designer has been brought out by investigations such as 
those described. Whenever a new device is discovered such as 
the N.A.C.A. cowl, the bottom surface flap, the free-air aileron, 
etc., a serious problem arises when the designer attempts to 
apply it to an actual airplane. For if the device is radically 
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Arr AILBRONS 


(In position A without trailing-edge flaps. The neutral setting corresponded 
to aileron angles of —-15° from the wing-reference axis.) 


tain the necessary information. 
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(But with bottom surface flaps attached to the outer wing panels.) 
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new, very few, if any, data exist as to the distribution of forces 
on which the designer can base his stress analysis. In such cases 
pressure-distribution measurements are almost essential to ob- 
Experiments of this nature using 
a multiple manometer have recently been made at our labora- 
tory on the three devices mentioned and have furnished what are 
believed to be valuable data for the stress analyst. As long as 
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design. 
has been considered, all of which originated as investigations 
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new devices are discovered, there will always remain an impor- 


le tant field of this character. 


CoNcLUSION 
In the first part of this paper a series of general investigations 
of a more or less scientific nature has been discussed. It pos- 
sesses in addition to a theoretical interest, a possibility for 
rather general application to the practical phases of airplane 
In the second part a group of more specialized problems 


of special aspects of particular designs and at the request of air- 
plane manufacturers. The attempt has been made to indicate 
the varied nature of the problems for which the wind tunnel may 
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be advantageously used, and the valuable results which may be 
achieved by close cooperation between the designer and the aero- 
dynamicist conducting the tests have been mentioned. Finally, 
the way in which such detailed researches often lead to investiga- 
tions of broad scope and general interest has been illustrated with 
examples. 


[Nots: Since the paper was presented, the results of the experi- 
mental investigation on the effects of turbulence on Cymax and of 
the free-flight measurements of atmospheric turbulence have been 
published in a paper by C. B. Millikan and A. L. Klein, ‘‘The Effect 
of Turbulence; An Investigation of Maximum Lift Coefficient and 
Turbulence in Wind Tunnels and in Flight,’’ Aircraft Engineering, 
August, 1933, London. ] 
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By J. N. 


The results of tests of two 101,000-sq-ft single-pass con- 
densers in the Hudson Avenue Station of the Brooklyn 
Edison Company are summarized, and the design features 
are briefly described. The steam-flow path of the Worth- 
ington condenser is through an effectively shallow tube 
bank of the folded-layer type, having deep inlet lanes to 
facilitate the passage of steam with minimum pressure 
drop. The entire tube bank is contained in a practically 
cylindrical shell. In the Ingersoll-Rand unit the generally 
heart-shaped shell maintains with a decreasing volume of 
steam an active flow over all tubes. Bypass lanes around 
the top sections of tubes aliow part of the steam to reach 


r HIS paper presents a brief summary 
of the results of tests of two 101,000- 
sq-ft single-pass condensers in the 

Hudson Avenue Station of the Brooklyn 

Edison Company. 


Design CoMPARISONS 


Since these two condensers have been 
extensively described elsewhere,* only a 
brief statement of their design features is 
given here. 

The steam-flow path of the Worthing- 
ton condenser, shown in Fig. 1, is through 
an effectively shallow tube bank of the 
folded layer type, having deep inlet lanes to facilitate the pas- 
sage of steam with minimum pressure drop. The entire tube bank 
is contained in a practically cylindrical shell. In the Ingersoll- 
Rand unit, the generally heart-shaped shell maintains with a 
decreasing volume of steam an active flow over all tubes. By- 
pass lanes around the top sections of tubes allow part of the 
steam to reach the lower tube banks without passing through the 
top section. 

The Worthington air cooler is placed internal to the shell as 
being the most convenient location and involving the least costly 
construction. The Ingersoll-Rand design uses an _ external 
air cooler to provide a more efficient design of flow areas. 

Reheating is provided for in the condensate circuits of both 
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1 Mechanical Engineer, Brooklyn Edison Company, Inc. Assoc- 
Mem. A.S.M.E. Mr. Landis received the degree of B.S. in Mechani- 
cal Engineering in 1922 from the University of Michigan. He went 
with the Brooklyn Edison Company in 1923 as technical assistant 
to the mechanical engineer, and since that time has been intimately 
associated in various capacities with the design and construction of 
the Hudson Avenue Generating Station. He was appointed to his 
present position in 1932. 

? Division Engineer, Plant Equipment Bureau, Brooklyn Edison 
Company, Inc. Mr. Tucker received his B.S. in Electrical En- 
gineering in 1926 from Yale University. He was employed by the 
Brooklyn Edison Company, Inc., in 1926 as a cadet engineer, and 
since 1928 he has been a member of the Plant Equipment Bureau. 

5 Power Plant Engineering, April 15, 1932, November, 1932; Power, 
May 31, 1932. 

Presented at the Semi-Annual Meeting, Chicago, Ill., June 26 to 
July 1, 1933, of Tae AMERICAN SocteTy of MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
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the lower tube banks without passing through the top 
section. The Worthington air cooler is placed internal 
to the shell as being the most convenient location and in- 
volving the least costly construction. The Ingersoll- 
Rand design uses an external air cooler to provide a more 
efficient design of flow areas. Reheating is provided for in 
the condensate circuits of both units, the Worthington 
using a contact-type reheating hotwell integral with the 
condenser and the Ingersoll-Rand having a 1600-sq-ft-sur- 
face closed reheater after the condensate pump, supplied 
with steam from one of the top bypass belts. Steam-flow 
control, air removal, and circulating systems are compared. 


units, the Worthington using a contact- 
type reheating hotwell integral with the 
condenser and the Ingersoll-Rand having 
a 1600-sq-ft-surface closed reheater after 
the condensate pump, supplied with steam 
from one of the top bypass belts. 

In the Worthington unit, a free longi- 
tudinal flow of steam is permitted by open- 
ings cut in the six tube support sheets 
wherever possible. Quite in contrast, the 
Ingersoll-Rand unit, as shown in Fig. 2, 
is divided into five separate longitudinal 
compartments by four closely fitted tube- 
supported sheets. Each of the three 
cold-end compartments is separately connected to its own sec- 
tion of the external air cooler, and the two warm-end compart- 
ments are connected in parallel to the remaining section of the 
air cooler with a throttle plate to limit the flow from the end 
compartment. Air removal is accomplished on the Worthing- 
ton unit by a three-element two-stage steam jet, and on the 
Ingersoll-Rand unit by eight primary and three secondary jets. 

Each condenser is served by two circulators, with separate 
water circuits from the inlet to the discharge tunnels. The 
Worthington unit, as shown in Fig. 3, has a conventional verti- 
cally divided water box, whereas the Ingersoll-Rand water box 
is divided into four horizontal sections, arranged for each cir- 
culator to supply two alternate sections. There are no valves 
in the main circulating-water system of either condenser. 
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ACCEPTANCE TESTS 


The tests on these two condensers represent the culmination 
of several years’ experience in performing tests on large power- 
plant equipment, including several condensers, by a group of 
test men organized principally for acceptance testing. The 
results are presented with the belief that they summarize the 
most comprehensive and carefully executed condenser tests 
publicly reported. 

The tests were unusual in that they determined the ‘“‘cleanli- 
ness ratio” of the condensing surface. The manner of making 
the cleanliness ratio measurements has already been discussed in 
detail before the A.S.M.E. by Messrs. Hardie and Cooper.‘ 


4 “A Test Method for Determining the Quantitative Effect of Tube 
Fouling on Condenser Performance,” by P. H. and W. 
Cooper. Trans. A.S.M.E., vol. 55 (1933), paper RP-55 
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In brief, the test consisted of determining the individual per- 
formance of 30 isolated tubes in various parts of the condensers, 
arranged in six groups of five tubes each, supplied with inde- 
pendently controlled circulating water. Each group of five tubes 
consisted of two new tubes and three existing used tubes repre- 
sentative of the condition of the condensing surface at the time 
of test. One new tube in each group was supplied with salt 
water, and the other, for purposes of a separate investigation, 
with fresh water. The ratio of the average thermal transmit- 
tance of the used tubes to the average transmittance of the salt- 
water new tubes was taken as the “cleanliness ratio’’ of the con- 
denser. In their contracts these condenser manufacturers and 
all others made guarantees which were to be corrected downward 
from a 100 per cent clean transmittance guarantee in direct pro- 
portion to the cleanliness ratio obtaining at time of test. 
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Each of the two acceptance tests consisted of nine 1-hr runs, 
confined to a period of two days. These runs covered the normal 
operating range of the turbine for both high and low speeds of 
the circulating pumps. During the night preceding the start of 
test runs, each condenser was completely rubber-plugged to 
secure uniformity of tube condition, and thus the most repre- 
sentative cleanliness ratio as measured from the relatively few 
sampling tubes. 


ACCEPTANCE-TEST PROCEDURE AND APPARATUS 
Readings were taken at 5-min intervals of — 
Rts Inlet circulating-water temperature by two precision 
mercurial thermometers graduated to 0.1 deg F 
Outlet circulating-water temperatures by six precision 
mercurial thermometers graduated to 0.1 deg F 
Absolute pressure at the steam inlet by 11 specially con- 
structed absolute-pressure gages connected to an equal 
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number of basket-type pressure tips distributed over 
the area of the turbine exhaust 

4 Absolute pressure at (each compartment of) the hotwell 
by absolute-pressure gages identical with those used at 
the turbine exhaust 

5 Condensate temperature leaving the hotwell (and the 
reheater) by precision mercurial thermometers. 

The amount of steam condensed was determined by weighing 
the condensate in the station weighing tan's. Sufficient read- 
ings were taken of turbine-throttle and feedheating conditions to 
permit computing the heat content of the exhaust steam. 

To ascertain the condenser-cleanliness factor during the period 
of test, six groups of isolated tubes were connected by a rubber 
hose to a separate supply of salt water measured at the outlet 
end by a calibrated bell-mouthed nozzle. One new tube in each 


% 45 


group was supplied with fresh water as a reference standard to 
indicate any tendency of the salt-water new tube to foul. The 
flow of water in each tube was held approximately the same as the 
average of all the condenser tubes. For measuring the tempera- 
ture rise in each tube, mercurial thermometers were inserted 
through rubber stoppers directly into the water stream. 

Air offtake temperatures were measured by mercurial ther- 
mometers inserted through rubber stoppers, and air leakage was 
determined from the standard equipment furnished by each 
manufacturer as part of the contract. 

Pressure drops for each part of the circulating-water system 
and the total and suction heads on the pumps were determined by 
mercury U-tubes. The electrical input and speed of the circula- 
tor motors were also separately measured. The principal test 
data are given in Table 1. 

Fig. 4 shows for the Worthington unit the absolute pressure 
and the calculated heat-transmittance coefficients obtained for 
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both high- and low-speed 
the same results obtained on the Ingersoll-Rand unit. 

A question may arise as to why the curves of both tests show 
different cleanliness ratios at low and high speed on the circula- 
Fig. 6 shows the results of calorimeter measurements per- 
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TABLE 1 


pressure 
transf. at Hotwell Cire-water temp. 
by cond., condenser temp.,! 
million nozzle, deg 
Btu per hr in. Hg F 


Steam 
condensed, 


61.4 


ACTUAL CONDENSER PERFORMANCE 


Heat 
trans- 
mit- 


Abs. 
tance’ pres- 
Btu, sure’ 
per hr at 
air "per sqft con- 
off- per deg denser 
liness moved, take, F lo nozzle, 
e.f.m. °F m.t.d. i 


trans- 
mittance, 
Btu per 
-—Condenser— hr per sq ft Air 
friction Clean- re- 
0 


ft? .t.d. factor 
Worthington Condenser, High Speed 


163,800 


Condenser, Low Speed 


= cote 


61.5 


119/800 9. 


a2 Rand Condenser, High Speed 


ooouw 


75.9 67.6 


176,400 15.6 


175,100 14.3 


Ingersoll-Rand Condenser, Low Speed 


96. 

105. 

89. 
1 For Ingersoll-Rand temperature at reheater outlet. 
corrected to: High speed, 166, gpm; 0. 
temperature. Ingersoll-Rand corrected to: 
cleanliness factor; 68 F inlet temperature. 


formed by the Ingersoll-Rand Company in 1929 on several 
used tubes taken from a Hudson Avenue condenser and on two 
sections of new tube. This test work illustrates that dirty 
tubes do not respond to increases of velocity as do clean tubes. 
This condition is explained by the fact that an increase of water 
velocity effects a reduction only in the resistance to heat flow 
of the water film, which is a much smaller proportion of the 
total resistance in the case of a dirty tube than in the case of a 
clean tube. 


CONCLUSION 


It is natural to expect this paper to make a final comparison 
of the performance of the two condensers. In order to do this it 
would be necessary to make corrections to the test results be- 
cause of the unavoidable differences in test conditions relating to 
cleanliness, circulating-water quantity, and circulating-water 
temperature. The manufacturers’ correction for cleanliness 
has been discussed, and the correction factors commonly used 
by condenser manufacturers for the effect of circulating-water 
velocity and temperature are available in the technical press.§ 
The authors might use these correction factors as a basis for a 
final comparison of the two condensers, but because they are of 
the nature of values accepted by the manufacturers for commer- 
cial purposes instead of being values derived from test from the 
specific condensers in question, it is considered better to confine 
this paper to the reporting of test facts and to leave to others the 
making of comparisons. 

The test results are believed to show fairly the performance of 
two modern condensing units under as closely parallel conditions 
as it is practical to secure. 

Both condensers have performed satisfactorily, and in their 
ability to hold materially better than the guaranteed full-load 
vacuum they have exceeded expectations by a comfortable 
margin. 

or 
The acceptance tests on both condensing units were performed 


’“Commercial Factors for Designing Surface 
Power,September,1932. 
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Condensers,” 


2 Feet of salt water. 
65 cleanliness factor; 62 F inlet temperature. 
High speed, 176,000 gpm; 0.765 cleanliness factor; 68 F inlet temperature. 


New York, 


115,500 


Go G0 Go 


114/900 


* Gage inoperative. ‘ Air leak found after first half-hour. § Worthington 


Low speed, 120,000 gpm; 0.68 cleanliness factor; 62 F inlet 
Low speed, 115,000 gpm; 0.79 


under the direction of Mr. P. H. Hardie, Test Engineer of the 
Brooklyn Edison Company’s Research Bureau. 


Discussion 


Paut Banceu.* The paper is an important contribution to 
the literature on surface condensers. A great deal of thought, 
time, and money lies behind the testing work of the Brooklyn 
Edison Company. The difficulties incident to testing a con- 
densing plant of this great capacity can hardly be realized. 

The design of the Ingersoll-Rand condenser follows the funda- 
mental principles of all condensers built by the company, but 
in view of the special problems associated with the size of this 
unit, two sets of experiments employing models were made pre- 
liminary to construction. 


Fie. 7 Typican Move. Watser-Box Test 
* Manager, Condenser Department, 


Ingersoll-Rand Company, 
N. Y. Jun. A.S.M.E. : 


Cire 
= Run Date, 
= No. 1932 
1 6-13 732,100 684.0 1.09 8 71.6 €3.3 167,800 17 90 0.68 76 459 1.08 
il 3 naa : 5 6-13 562,900 531.4 0.93 7 68.1 61.6 165,400 a. 17 55 0.68 4 73 437 0.95 
ae 6 6-14 995,800 923.4 1.36 8 74.0 62.7 166,500 17.3 17 63 0.61 5 82 489 1.29 
By ara : 9 6-14 1,389,700 1282.1 1.82 9 77.5 61.9 vd 17.9 17 59 0.59 5 90 507 1.70 
10 721 200 R29 1 100 e 20 0 17.9 17 n 6 79 483 1.05 
> 05.7 OL.é £15,0VU 3 9 72 400 0.91 
bois ; 71.0 61.9 119,50 3 9 76 408 1.04 
Hose 7 78.4 62.9 121,20 6 9 87 442 1.49 
83.1 61.6 9 96 472 2.01 
73.1 9 9 81 453 1.16 
te 5 15 85 575 1.42 
3 15 91 596 1.76 
75.5 67.3 7.1 93 0.82 4 80 479 1.11 
78.1 67.4 7.0 6 93 0.81 4 83 480 1.27 
90.5 6.8 6 0.7 2 
— 


Tests were made to study the flow lines 
and areas in the water boxes, 28 model 
set-ups being photographed. The actual 
boxes were to be divided into four hori- 
zontal compartments, with side admis- 
sion, and the model tests were made to 
determine the best flow paths for mini- 
mum turbulence when feeding the water 
from twin nozzles located at the bottom 
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of the inlet box and discharging from two 
nozzles on opposite sides near the top of 
the outlet box. Photographs shown in 
Figs. 7 and 8 are typical. The model is 
a composite arrangement for both inlet 
and discharge to the first and third com- 
partments served by these water nozzles. 

Side admission to a water box divided 
into horizontal compartments at differ- 
ent heights improves the flow conditions 
at the entrance to the tubes, thus elimi- 
nating troubles from inlet-tube corro- 
sion. The frothing effect of the water 
is greatly reduced because of the shallow- 
ness of each compartment and the rela- 
tively small difference in water pressure 
between the top and the bottom; further- 
more, the horizontal flow tends to pre- 
vent pocketing and regions of air libera- 
tion and frothing. At the East River 
Station of the New York Edison Com- 


pany, this design, combined with vent- 
ing, in a water box divided into three 
horizontal compartments, has eliminated 
inlet-tube corrosion. 


The second series of tests were more 
elaborate. Figs. 9A to 9E show model 
condensers which were built to study 
comparative pressure losses of different 
tube layouts. In each case the number of 
tubes per square foot of tube-sheet area 
is the same. Relatively large quantities 
of steam at high vacuum were passed through these small con- 
densers, part of the steam being condensed and the remainder 
being rejected to a supplementary condenser. The total steam 


flow was several thousand pounds, so that the steam condensed, 
steam rejected, velocities, pressure drops, ete. were amply large 
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for accurate measurement. In this way characteristic curves 
were obtained of the pressure loss with varying flows through 
the different tube banks. On the basis of these tests, the tube 
arrangement for the actual condenser was selected and the pres- 
sure drops calculated. 

The actual pressure drops for the five longitudinal compart- 
ments during test 11 are given in Fig. 10 based on observations 
taken by the Brooklyn Edison Company’s Research Bureau. The 
table gives the calculated loading per square foot in each com- 
partment when the entire surface is satisfied. The relatively 
cold water in the first compartment results in a condensing 
capacity over twice that of the last compartment. The agree- 
ment of the measured drops with the calculated gradations is very 
close. 

The average pressure loss is 0.104 in., as shown. On the warm 
end it is so small that it was difficult to measure. The pressure 
loss at the cold end is about 0.2 in., and this is evidence that the 
steam flow in this section was in accordance with the calculated 
condensing capacity. 

The paper may give the impression that there is insufficient 
area between the turbine and the entrance to the tube bank of 
the Ingersoll-Rand condenser for easy or free deflection of flow 
toward the cold end. Figs. 10 and 11 and the following calcula- 
tions show that any force to cause deflection of the steam be- 
tween the time it leaves the turbine and enters the tube bank is 
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The writer appreciates that steam flows and pressure 


are far from uniform in a turbine-exhaust casing, but this does 
not alter the present line of reasoning. 
As shown, one-half of the steam is condensed by the first two 


Ny 
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OBSERVED 
SECTION OVERALL 
AM LOADS, 
LB. PER SO. FT. 
CALCULATED 
PRESS.DROP IN HG. 
LC.FROM 0.104" 


10.60] 8.85] 7.40 7.65 


Times} 0.200 | 0.139 | 0.097 | 0.068 


T10 OF LOADS SQUARED 
PRESS.DROP INHG. 
ACTUAL OBSERVED 


0.208 | 0.132 | 0.097 | 0.050 0. IO4AVE. 


Fie. 10 Data From AccepTance-Test RuN or INGERSOLL- 
RaNnpD CONDENSER 
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compartments; the center of flow of this half of the steam r =| 
shifted about 2 ft toward the cold end. Therefore, the hori- 
zontal component of the velocity diagram is 2 ft as against 
20 to 10 ft vertical component, depending on whether the stream 
starts to bend near the top or near the bottom of the turbine 
casing. The horizontal component is therefore 10 to 20 per cent 
of the vertical. The average flow velocity is about 250 ft per 
sec at the turbine nozzle and considerably less (150 to 200 ft) 
at the condenser. It follows that the horizontal component 
may be as low as 15 to 25 ft per sec and not over 50 ft per sec. 
In other words, the required velocities and forces of deflection 
are exceedingly small. In contrast the forces required for pene- 
tration at one end as compared to the other are appreciable and 
can be readily measured in terms of pressure drop. It should be 
emphasized that the problems of steam deflection are entirely 
distinct and different from those of steam penetration. 


C. F. Harwoop.? The method developed for determining 
_ the relative percentage of tube cleanliness in a surface condenser 
discloses the skill and accuracy displayed in obtaining the data 
. The performance of both condensers as 


reported in this paper 
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Fig. 12 Corrections or Curves SHOWN IN Fia. 5 or 


indicated by these tests is of a high order, especially so in view 
of the percentage of tube fouling present. 

It is unfortunate that the tests on both units were not made 
under more nearly equal conditions of tube cleanliness and cir- 
culating-water temperature, so that a comparison of performance 
could be made without the necessity of applying any corrections 
for the differences in water temperature, quantity, and tube 


7 Manager of Steam Power Plant Sales, Worthington Pump and 
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cleanliness obtaining when the observations were taken, but 
unless such corrective factors are applied it is difficult to obtain a 
correct idea of the relative performance of the two condensers. 
A casual inspection of the data and curves indicates that the 
Worthington condenser is producing a lower absolute pressure 
with a lower temperature of circulating water and with dirtier 
tubes, and that the Ingersoll-Rand condenser is showing a higher 
coefficient of heat transfer with a higher temperature of circulat- 
ing water and cleaner tubes, but the extent to which these 
differences in water temperature and tube cleanliness would 
affect comparative performances can only be made evident by 
the application of correction factors which will place both units 
on a common basis of tube cleanliness, circulating-water tem- 
perature, and quantity. The authors state that the application 
of such corrections has been left to others, and there are therefore 
submitted herewith curves for both condensers showing absolute 
pressures and coefficients of heat transfer based upon equal 
conditions of circulating-water temperature and quantity, and 
equal percentages of tube cleanliness. 

These curves have been constructed in the following manner: 
The performance curves of the Ingersoll-Rand condenser, drawn 
in dotted lines, have been reproduced in Fig. 12 as shown by the 
authors in Fig. 5 of their paper. The performance curves of 
the Worthington condenser, shown in full lines, have been 
plotted from the “‘actuai condenser test performance” data con- 
tained in the paper, with the necessary corrections applied to the 
observed circulating-water temperatures and quantities and 
percentage of tube cleanliness, so that these correspond to 
those of the Ingersoll condenser as indicated in Fig. 5 of the 
paper. 

These corrections are made on the following bases: (a) Cir- 
culating-Water Temperature. By means of the temperature 
correction curve incorporated in the September, 1932, issue of 
Power and which is in common use by practically all condenser 
manufacturers today. (b) Circulating Water Velocity. In 
accord with ratio of square roots of velocities. (c) Tube Cleanli- 
ness. In ratio of observed percentages of cleanliness, as such 
cleanlinesses are stated in the paper. 

Both condensers are therefore placed on a common basis of 
operating conditions, and their relative performance is more 
clearly indicated. 


D. W. R. Morgan.’ The main value of the paper is that it 
demonstrates the feasibility of equating actual performance 
with guarantees, and if properly applied, eliminates the argu- 
ment between manufacturer and operator concerning the condi- 
tion of the tube surface at the time of tests. Further, the data 
may be used by the operator in determining what factor to apply 
as regards excess surface and water, in order to maintain the 
desired vacuum under average operating conditions. 

The authors state that both condensers have performed satis- 
factorily and maintain better than guaranteed full-load vacuum. 
Emphasis should be laid on the fact that this good performance 
is not evident if one simply accepts from casual examination the 
actual Btu transfer rates referred to in the paper. As an ex- 
ample, the maximum rate of the Worthington condenser is 507 
Btu; the maximum rate for the Ingersoll-Rand is 596 Btu. 
Equating these values to the nominal guarantee basis, they 

_ become, respectively, 780 Btu for both condensers, assuming the 
average cleanliness specified. 

- However, it should be noted that although the Btu rates are 
good, they were obtained at the expense of high velocity, and 
‘jaan increasing the pumping cost. Based on information 
published in Power, the water velocities through the tubes are 


__ * Westinghouse Elec. & Mfg. Co., South Philadelphia, Pa. 
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8.3 fps at high-speed operation and 5.93 fps at slow-speed for pe 7 
the Worthington condenser, and 8.88 fps at high-speed operation 
and 5.8 fps at low-speed for the Ingersoll-Rand condenser. 

The tube-fouling conditions at this station may warrant and 
justify the high velocities used, as high velocity is conducive to 
maintenance of clean tubes under certain conditions of fouling. 

The authors mention the fact that the two condensers de- 
scribed are radically different in design. This leads one to 
suggest that No. 6 unit, operating in the same station, should 
have been included in the comparison. Naturally, in expressing 
this thought the writer has a selfish motive in mind. 

The performance of No. 6 unit was creditable, and when 
equated to the same basis indicates performance comparable 
with the condensers described by the authors. This condenser 
gave a Btu rate of 410 at high-speed operation, corresponding to 
7.0 fps water velocity. Compared on the same basis as the 
Worthington and the Ingersoll-Rand, the rate becomes 594 to 630 
Btu, depending upon whether a cleanliness factor of 65 per cent 
or 69 per cent is used. 

Equating the velocities to a common basis would justify a 
rate of 780 Btu for No. 6 unit, at the equivalent velocity. 

Results indicating the performance with larger quantities of 
air leakage would be of interest, because experience indicates 
that condenser performance is appreciably affected by increased — 
leakage. 

The writer has noted a reduction in the transfer rate of approxi- 
mately 35 per cent on isolated tubes located in the so-called 
active part of the tube nest, merely by increasing the air leakage, 
all other conditions remaining the same. He mentions this 
fact because of its importance in comparing test results. It 
should be noted that in the case of the Ingersoll-Rand the leakage 
varies from a minimum of 2 to a maximum of 4 cu ft per min. 
The Worthington varies from 4 to 6 cu ft per min. The air 
leakage on the No. 6 unit varied from 4 to 16 cu ft per min. 

The authors mention the fact that tests illustrate that dirty 
tubes do not respond to increased water velocity. This state- 
ment is verified by tests made under the writer’s direction, and _ 
covering the period from 1917 to 1926. The slope of the curve 
with clean tubes closely approximates the established law, 
varying as 0.5 power, whereas, depending upon the nature of 
fouling, a dirty tube varies as 0.2 to 0.3 power. 7 

Referring to Fig. 6, the writer would like to know if tests were 
made condensing or non-condensing. 

The authors suggest the great need of advancing the knowledge — 
of the subject of condensers, comparable to that of turbines. 

The writer thoroughly agrees with the conclusion. However, 
he wishes to point out that difficulties lie before us, and a greater 
>». 


amount of standardization must be accepted by the operator 
on such vital points as: (1) Relation of condenser to turbine 
exhaust—namely, set at right angles or parallel to the turbine 
shaft. (2) More thorough exploration of pressure at inlet of 
condenser and through the tube nest. 
tion of steam from the turbine exhaust. 


(3) A uniform distribu- 


Joun F. Grace.* Were both condensers tested under more 
uniform cleanliness and water temperature and were they the 
product of one maker, discussion of factors of correction would 
not be so wide or so susceptible to the sales viewpoint, against 
which engineers have developed no satisfactory screening equip- 
ment. 

The layout engineer senses that performance is influenced by 
simplicity of arrangement and connections. The builder of the | 
heart-shaped condenser required a wider turbine supporting 
structure and more liberal space than the builder of the cylindrical 
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_ condenser, who would have further improved performance if TABLE 2 WEIGHTED AVERAGE A? RECOMMENDED BY 
granted equal space. Figs. 1, 2, and 3 show both condensers to ok U U 
the same scale, and Fig. 1 shows the cylindrical condenser pre- as reported weighted average 

senting the longer line of “front row” tubes. 

The layout of the 160,000-kw units at Brooklyn is with con- : 0. 

_ denser tubes parallel to turbine shafts and both 90 deg to crane :~ ' 
rails. Lateral space is thus important to accessibility, operation, 

and performance. Seven such units can be comfortably housed 

in a turbine room of the dimensions at Hudson Avenue if heart- 

_ shaped condensers are installed, while eight can be as well housed 

the cylindrical type is chosen. Space is thus a serious “‘per- 

formance”’ factor, and the cost of a building to house an addi- , ae a : 
tional 160,000-kw turbo-generator and auxiliaries is a not in- 
_ considerable item when limits of output and of downtown real : 7 coefficient Santer 
estate are approached. 


rature 
= 


pe 


Paut Diserens.!° The paper seems to be the first serious 

_ attempt to take into account the condition of surface cleanliness 

_ in reporting condenser tests, especially where units of large size 

- are concerned. The thoroughness with which the authors 

_ have conducted their tests and the painstaking care which they 

~ have exercised in planning and completing their work should 

— lend a high degree of credibility to the results which they publish. 

Consideration of the cleanliness factor in appraising the per- 
formance of a condenser is extremely important, because without 

_ definite information as to the magnitude of this factor, no con- Hodgkinson, we note a remarkably close agreement, as indicated 

_ clusive significance can be attached to any condenser test results. in Table 2. 

In stating their conclusion, the authors say they “doubt the An examination of the data in the Hardie and Cooper paper 
soundness of the cleanliness correction for making accurate does, however, throw some light on the possible explanation of 
comparisons where large differences are involved,” and “recent the small discrepancy to which the authors call attention. It. 
test work confirms the inaccuracy of a straight-line cleanliness will be noted that for some of the tests reported, noticeably 
correction.” those on the Ingersoll units, the average heat-transfer coefficient 

It would seem that what the authors mean to say is that the for the dirty tubes in the selected sample groups does not co- 
correction factor applying to any selected group of sample tubes _incide with the average coefficient for the entire condenser, the 
within a condenser cannot be taken with absolute assurance to margin in some cases being of considerable proportions. In the 
represent the actual cleanliness factor of the entire condenser. case of the Worthington tests, the margin of difference is very 
No one would question the 
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cleanliness correction in so far 
as the selected groups of sample 


tubes is concerned except for : 


any small change in steam dis- 
tribution within the condenser 
which might accompany 
changes in heat transmittance 
at any given load. This, how- 
ever, is a factor which need 
not be discussed at this time. 
What we are really interested 
in is an examination of the 
data reported by the authors 

to see how closely the factor . T 
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reported for the selected groups _5p0 600700 _8p0 1000 do 240 


of tubes represents the cor- HEAT TRANSMITTANCE Btu PER HR PER SQ FT Per DecF LocMTD HEAT TRANSMITTANCE Btu PER HR. PER SQFT PER DEGF LoGMTD =, 
responding factor for the entire Fie. 13 RELATION BETWEEN CLEANLINESS FACTOR AND COEFFICIENT OF HEAT TRANSFER AS 
condenser. Various sugges- AFFECTED BY PosITION IN CONDENSER 

tions have been made to the 

Power Test Code Committee for securing the best possible aver- much smaller, all of which is shown by columns 3 and 4 in 
age of the various sample tubes selected. Mr. Hodgkinson has Table 3. 

suggested an average weighted to account for any variation in It is apparent, therefore, that if we know the relationship be- 
rate at which the various tubes may be working. The authors tween cleanliness factor and coefficient of heat transfer for a 
have preferred to use the arithmetical mean. If we refer back tube of given cleanliness, we can calculate from the factor actually — 
to the paper by Messrs. Hardie and Cooper presented in Novem- measured on the selected groups of sample tubes the actual seul 
ber, 1932, and recalculate the average as suggested by Mr. for the entire condenser in order to correct for the discrepancy — 


1° Chief Consulting Engineer, Worthington Pump and Machinery noted. This relationship is discussed in the paper by Mr. 
Corp., New York, N. Y. Mem. A.8.M.E. pe MUON RON Townsend Tinker at the A.S.M.E. meeting, Chicago, June, 1933, 
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and need not be enlarged upon here. It will be interesting to 
note, however, that experimental data reported by Messrs. Hardie 
and Cooper applying to the identical tests reported by the 
authors of this paper clearly show this relationship. Fig. 13 has 
been plotted from the data covering tests Nos. IR-9, W-9, IR-8, 
and W-8. Certain of the tests at lower capacity do not indicate 
this relationship quite so clearly, but we may assume that the 
decrease in cleanliness factor is directly proportional to the heat 
transmittance as indicated in Fig. 13, and this therefore gives us 
a basis for calculating the true cleanliness factor for the entire 
condenser based on the cleanliness factor as measured in the 


HEAT TRANSMITTANCE,Bt u PER HR PER SQFT PER DEGF LOGMTD 
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Fie. 14 COMPARISON OF PERFORMANCE, WORTHINGTON CORRECTED 
To INGERSOLL-~-RAND CONDITIONS 


selected groups of sample tubes. In Table 3, the factors as re- 
ported and corrected are in columns 5 and 6. 

While the modification as calculated may seem small, it is 
nevertheless of sufficient magnitude to account largely for the 
discrepancy reported by the authors, all of which will be ap- 
parent upon referring to Fig. 14. It should be noted that test 
No. W-1 has been omitted, because during this test as reported 
by the authors air leakage was excessive. 

It is hoped that the analysis of the authors’ data which the 
writer has given will assist in enhancing the credibility of their 
methods for measuring cleanliness factor. Their experience in 
conducting tests of this character will be of great assistance to the 
committee now engaged in considering the possibility of including 
a condenser cleanliness factor in the Power Test Code. 


C. L. Wappe.u.'"! This paper states that-the tests conducted 
by the Brooklyn Edison Company and reported in detail by 
Messrs. Hardie and Cooper determined the “cleanliness ratio” 
of the condensing surface. In reality, the tests only established 
the “cleanliness ratio” for the selected tubes. The tests do, 
however, give us all the necessary data to determine very ac- 
curately the true “cleanliness ratio” for the entire condensing 
surface by calculation. This correction has been covered by 
Mr. Diserens in his discussion. 

The paper states that the condenser manufacturers made 
guarantees which were to be corrected downward from 100 per 
cent clean transmittance guarantee in direct proportion to the 
“cleanliness ratio” obtaining at the time of the test. Using the 
authors’ definition of “cleanliness ratio,” it would seem from 
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Mr. Diserens’ discussion that this method of correcting guaran- 
tees for cleanliness might either be unfair to the buyer or the 
manufacturer of the condenser. If the average heat-transfer 
coefficient for the selected tubes is higher than for the entire 
condenser, the cleanliness ratio as determined by the tests would ss) 
be unfair to the buyer of the condenser, because the tests would : 
show better performance than was actually obtaining. If the 
average heat-transfer coefficient for the selected tubes is lower 
than for the entire condenser, it would be unfair to the manu- 
facturer of the condenser, because the tests would show poorer 
performance than was actually obtaining. It is therefore neces- a 
sary to correct the cleanliness ratio in the manner suggested by > 
Mr. Diserens to obtain the true performance. 

The graphs by Mr. Diserens show that all the actual test 
points on the dirty tubes are at fairly high heat transfer. He 
has assumed a straight-line variation between the average of 
these points and the point of 100 per cent cleanliness factor and 
zero heat-transfer coefficient. We must take into account that 
the correction is small where the location of the selected tubes is _ 
such that their average heat-transfer coefficient is close to that — 
for the entire condenser. Therefore, it is not only permissible 
but logical to assume the straight-line relationship for these 
small corrections. 

The Subcommittee on Condenser Tests of the Power Test 
Code Committee recommended tentatively in its report dated 
Sept. 24, 1932, the type of test for obtaining condenser cleanliness _ 
factor as covered by this paper. No mention was made in these _ 
recommendations as to the maximum allowable variation be- — 
tween average heat-transfer coefficient for the selected tubes and © 
for the entire condenser. In the light of the data in this paper 
and the discussion upon it, it would appear advisable for the 7 
Power Test Code Committee to consider limiting this variation. A 
It is suggested that the allowable variation be set at 5 per cent 
plus or minus, and when the variation exceeds this amount, that _ 
the test-tube locations be changed to bring the results within this _ 
limitation. 

The curves for heat-transfer coefficient and absolute pressure 
shown in this paper do not show the actual test points and are 
not corrected for differences between average heat-transfer — 
coefficient for the selected tubes and for the entire condenser. 
When the test points are plotted without this correction, they 
do not fall as nearly on the curve as they do with the correction — 
as shown by Mr. Diserens’ figure. This further substantiates _ 
the writer’s belief that this correction is desirable in a proper — 
interpretation of the test data. 

It might be well to outline in detail the method for correcting 
the test data to obtain the true cleanliness factor for the entire 
condenser: 

(a) Average the cleanliness factors for the selected dirty | 
tubes. 

(b) Average the heat-transfer coefficients for the selected ; 
dirty tubes and check to see whether this is within 5 per cent __ 
plus or minus of the heat-transfer coefficient for the entire con- - 
denser. 

(c) Plot the average heat-transfer coefficient for the selected 
dirty tubes as abscissa against the average cleanliness factor for 
the selected dirty tubes as ordinates. 7 

(d) Draw a straight line from this point to the point of 100 _ 
per cent cleanliness and zero heat-transfer coefficient. 7 

(e) Read up from the average heat-transfer coefficient to this 
straight line to obtain the true cleanliness factor for the entire 
condenser. 


Avutuors’ CLOSURE 


Mr. Bancel’s comments are in the nature of an addition to the et 
paper and call for no comment by the authors. Creuset ord i 


+ 
ei 
| Wortington 
4 
4 
| 

a 
= 
- 
a 
© 


176 a TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


The discussion offered by Mr. Harwood shows a computed 
curve of performance for the Worthington condenser corrected 
to the Ingersoll-Rand test conditions. The authors can neither 
substantiate nor repudiate the correctness of this computation 
by test fact. The corrections employed for water velocity and 
water temperature are generally accepted and are of relatively 
small importance to the comparison. The correction for tube 
cleanliness in direct proportion to the cleanliness factors reported 
is entirely in agreement with the correction factor relationship 
which forms a part of each contract, but which is subject to 
question. 

The authors have in hand some additional data from a series 
of test runs made in connection with an entirely independent 
investigation of the accuracy of sampling possible with isolated 
test tubes. These runs were at lower water temperature and 
lower cleanliness ratio than either of the acceptance tests re- 
ported in the paper. Since the Ingersoll-Rand acceptance test 
was made at higher water temperature and higher cleanliness ratio 
than the Worthington test, a sort of interpolation of the Ingersoll- 
Rand performance is now possible. 

This interpolation is limited in that the recent runs were made 
only in low circulating-pump speed and in that the two variable 
elements in the comparison—the water temperature and the 
cleanliness ratio—cannot be separated from each other without 
assuming that the manufacturer’s correction for temperature 
holds for the performance of this Ingersoll-Rand condenser. 
Such an interpolation, when performed on the Ingersoll-Rand 
heat transmittance coefficient, shows that substantially no differ- 
ence in performance would exist between the condensers were 

they both to be tested under the conditions existing at the time of 
_ the Worthington test. 

_ In drawing a comparison between the Westinghouse No. 6 con- 
_ denser at Hudson Avenue and the tests reported in this paper, 
_ Mr. Morgan is using commercial correction factors to an even 
- greater extent than is required to compare the Worthington and 
_ Ingersoll-Rand units. The authors have stated in the paper that 
_ they have hesitated to use such correction factors not supported 
_ by their own test work on the specific condenser to which the 
- correction is applied, and for this reason can make no further 
~ comment on Mr. Morgan’s discussion. 

Mr. Diserens, in his discussion, calls attention to the fact of 
position of isolated test tubes in the condenser affecting the 
cleanliness ratio even when assuming a specific condition of dirt 


film common to all tubes. Tubes near the steam inlet having 
high heat-transfer rates are adversely affected by a given dirt film 
to a greater extent than those near the air offtake whose heat- 
transfer rate is relatively lower. Mr. Tinker’s paper contains 
an analysis which can be applied to the explanation of this fact. 

Our test work attempted to eliminate the necessity for a cor- 
rection such as Mr. Diserens has suggested by an initial selection 
of test tubes such that the average heat transmittance of the 
isolated tubes would be as near as possible to the average of the 
entire condenser. The degree of success with which this has 
been accomplished is shown by the very small magnitude of Mr. 
Diserens’ correction. 

A refinement is necessary to the computation of the Ingersoll- 
Rand results in Table 3 before a true comparison is possible. 
Mr. Diserens’ values for sample-tube averages are based on tem- 
perature differences between the circulating water in the tube 
and the estimated temperature of the steam surrounding the tube 
as presented in the Hardie and Cooper paper for comparison of 
isolated tube performance. For comparison of isolated tube 
performance with overall condenser transmittance, the authors 
prefer to use the temperature of steam at the condenser inlet. 
When transmittance coefficients are computed on this basis, the 
sample tube averages are found much closer to the average for 
the entire condenser. 

Since the receipt of Mr. Diserens’ discussion, the authors have 
plotted the results of the additional test work previously referred 
to in a manner similar to Fig. 13. This data would not justify 
the straight lines projected through to 100 per cent cleanliness 
factor at zero heat transmittance, as shown in Fig. 13. 

The authors take this opportunity to acknowledge the value 
of Mr. Diserens’ analyses and will utilize additional data as they 
become available to establish by test fact the principles he has 
pointed out. 

At the present time the authors do not have sufficient informa- 
tion to justify endorsing Mr. Waddell’s proposed method for 
correcting test data. It does appear highly desirable, as he has 
pointed out, to select the isolated tube groups so that the average 
of the isolated-tube heat-transfer rates shall be as close as pos- 
sible to the average for the entire condenser. As will be seen 
from the comparisons brought out in Mr. Diserens’ discussion, 
these correction factors will be quite small when the average 
transmittance of the isolated tubes and that of the entire con- 
denser are nearly alike. 
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From the data presented in the paper, these conclusions 
in regard to the transfer of heat from luminous and non- 
luminous gas flames are made: Luminous gas flames are 
now being obtained principally with slow-moving, strati- 
fied streams of air and gas, which, from the viewpoint 
only of efficient combustion, are much inferior to non- 
luminous flames. Combustion is extremely rapid in pre- 
mixed, non-luminous flames, which results in a high- 
Although natural- 
gas flames can be produced that have an emissivity ap- 
proaching that of a black body and consequently a higher 
rate of heat transfer than a non-luminous flame, the total 
radiant-heat transfer from the flame and the wall, in 
those furnaces having walls hotter than the work being 
heated, will not be much greater for the same flame tem- 
perature than with a non-luminous flame. The advan- 
tage of a luminous flame in many heating processes lies 
not in a higher rate of heat transfer, but in a more uni- 
form transfer over the entire furnace as a result of the 
slow combustion and slow heat liberation. The presence 
of free carbon probably has a beneficial effect in the 
reduction of oxidation and the scaling of steel. 


temperature zone near the burners. 


ENEWED interest has recently 
R been evidenced in the combustion 

and radiation characteristics of 
gas flames. This has come about from the 
greater availability of gas for industrial 
use through the wide spread of natural- 
gas pipe lines, the desire for increased 
efficiency in combustion, and the need in 
certain applications for better control of 
the oxidizing characteristics of the flame. 
Gas may be so burned as to produce 
either luminous or non-luminous flames, 
and discussion has arisen as to the merits of the two types of 
flames, particularly in regard to the rate of heat transfer by 
radiation from the flame to the work in the furnace. Conflicting 
statements that have appeared in these discussions and in the 
technical press show that a clear understanding of the differences 
between the two types of flames is lacking. This paper pre- 
sents a discussion of the knowledge of the chemistry and phy- 
sics of combustion and heat transfer of gas flames and some new 
data on large-scale laboratory combustion experiments in the hope 
that some of the haze that now surrounds the subject may be dis- 
pelled. 
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SOURCES OF FLAME RADIATION 


There are two sources of radiation from flames: (1) the non- 
luminous gases, CO, and H,O, and (2) the luminous carbon 
particles. The radiation from CO, and H,O does not follow the 
“fourth-power of the temperature,” or Stefan-Boltzmann law 
that applies to solids; these gases radiate in only certain bands 
of the spectrum, and although Schack(1)? made available 
formulas for the calculation of their radiation, their use is so 
complicated that they are best found from curves which have been 
published in English units by Hottel(2) and recently by Fishen- 
den and Saunders.(3) The data of Schack on the radiation, of 
water vapor havelately been superseded by the work of Schmidt;(4) 
these data have been presented in English by King.(5) 

Luminous radiation—that is, the radiation from solid particles 
suspended in the flame—follows more nearly the laws of radiation 
from solids. A flame containing carbon particles is, however, 
partly transparent, and the radiation depends on the concentra- 
tion of the particles in the flame. Wohlenberg(6) and Haslam 
and Hottel(7) have made attempts to derive formulas for the 
calculation of the radiation from powdered-coal flames, but for 
gas flames no method is yet available for the calculation, largely 
because the concentration of particles is unknown. = 


SOURCE OF LUMINOSITY 


The luminosity of gas flames arises from the decomposition, 
also called pyrolysis or cracking, of the hydrocarbons of the gas. 
The unsaturated hydrocarbons, as ethylene, C.H,, and acetylene, 
C:.H:, decompose most readily; saturated hydrocarbons, meth- 
ane, ethane, C.Hs, propane, C;Hs, and butane, CyHyo, 
decompose the more readily the higher their carbon content. 
Therefore, natural gas which contains 80 to 90 per cent of meth- 
ane, CH,, is one of the most difficult of the industrial gases with 
which to obtain a luminous flame. Complete data on the rate of 
decomposition of methane at various temperatures are lacking; 
Trinks(8) has collected data from various original sources in a 
family of curves showing the rate at different temperatures. 

The rates of oxidation of methane and ethane, even if mixed 
with only a part of the air necessary for complete combustion, 
are extremely rapid. The rates are so high relative to their 
rates of decomposition that, to obtain a luminous flame with these 
gases, it is necessary to heat natural gas to a high temperature 
before it is mixed with air. The possibility is evident that the 
cracking might be obtained by passing the gas through heated 
chambers, possibly with a catalyst, but the liberated carbon 
tends to deposit on the surfaces and stop the passages. 

The method used, therefore, in luminous burners so far de- 
veloped is to introduce the gas and air into the furnace in separate 
streams, with care in the design of the furnace to avoid mixing 
until the desired cracking has taken place. The gas is heated by 
convection and by radiation from the burning gas at the interface 
of the air and gas streams. Methane and ethane do absorb 
radiant heat, but data are lacking to calculate their rates of heat 
absorption. 

Because the air and gas cannot be thoroughly mixed by tur- 


2? Numbers in parentheses apply to references at the end of the 
paper. 
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bulence and luminosity obtained, the mixing must occur princi- 
pally by diffusion, and one manufacturer has applied the name 
diffusion burner to his luminous-flame burner. 


CHARACTERISTICS OF LUMINOUS FLAMES 


The ratio of air to gas for the maximum rate of flame propaga- 
tion of natural gas is almost exactly the ratio for the theoretical 
air requirements. The perfect mixture of natural gas and air is 
therefore an explosive mixture, and the rate of burning is so rapid 
that it is practically a detonation. Because the heat is liberated 


SAMPLING POSITIONS- 7 


Fic. 1 Puan Section or ExpERIMENTAL FURNACE 


in a small volume of flame, the heat loss is low, and high tempera- 
tures are developed very close to the burner when the gas and air 
are premixed. 

Where stratification and slow mixing are used to obtain lumi- 
nosity, the combustion is slow, the heat is released in a large 
volume of flame from which the heat loss is higher, and the 
maximum temperature developed may be considerably lower 
than with a premixed, non-luminous flame. 

As previously mentioned, the concentration of carbon particles 
in a flame may not be readily determined and the radiation cannot 
be calculated. Nor is it possible to judge accurately the lumi- 
nosity of a flame by visual observation. Some conception of the 
degree of blackness of a flame may be obtained by the ability to 
see the opposite wall or objects in the flame, but accurate informa- 
tion can be obtained only by actual measurement of radiation. 
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EXPERIMENTAL STUDY 


The work reported in this paper includes data on the progress 
of combustion and on the radiation from the flame when burning 


natural gas with premixed non-luminous flames and with lumi-— 


nous flames in a large-scale laboratory furnace. 


APPARATUS AND METHODS 


The Furnace and Burners. Fig. 1 shows a section of the 
furnace which consists of a horizontal, refractory-lined, steel shell 
whose seams and joints are welded or cemented to prevent the 
entrance of air. The inside diameter of the combustion chamber 
is 3!/; ft, and the length from front wall to stack is 14 ft. The 
drawing shows, at intervals along the furnace, holes through 
which gas samples are drawn and temperatures are measured. 
Four 6-in. square ports are provided through which radiation 
measurements are made. 

Fig. 2 shows the details of the burners used in the tests. Fig. 
2A is the burner for pulverized coal which is being used in an 


results of which been in part; i(®) 
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comparative data on the radiation of pulverized-coal flames are 
included in this paper. Fig. 2B shows the premixed non-lumi- 
nous flame burner, which was made similar to the pulverized-coal 
burner to obtain comparable flame shape. The inner cone was 
made larger to reduce the annular section so that the velocity of 
entrance of the gas-air mixture was above the velocity of flame 
propagation. The gas entered through 64 !/j.-in. holes distrib- 
uted radially in the 11/;-in. pipe at the elbow of the burner pipe. 
The entrance of the gas through the large number of small holes 
and the passage of the mixture through the venturi throat re- 
sulted in good mixing. Fig. 2C shows the luminous-flame burner 
which was purchased from the manufacturer. This type of 
_ burner is used with satisfaction in a number of types of industrial 
- furnaces and has been seen by the author in satisfactory operation 
in “sheet and pair’ and annealing furnaces. The solid lines 
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Fic..2 or BuRNERS 


show the burner as furnished; this was installed first with the 
line F-F at the face of the front wall and later with an 18-in. 
longer tunnel, as shown. The dotted lines show a 4-in. pipe 
which replaced the original refractory insert in one test. 

In this burner the gas enters at A through a !/;-in. orifice and 
passes into the refractory insert or 4-in. pipe through the 1!/,-in. 
nipple B. A shutter C is provided which can be opened to permit 
air to be inspirated with the gas. This was closed during all of 
these tests. Air can also enter the gas stream between the 
nipple B and the refractory insert. When the 4-in. pipe was 


used, an adjustable shutter was placed on nipple B to wy the 
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amount of air entering with the gas at this point. The air 
entered the burner box, and the principal part passed around the 
refractory insert or pipe and mixed with the gas in the tunnel or 
in the furnace. 

Natural Gas. The natural gas used in these tests came from 
the Columbus mains; it was supplied to the laboratory at a 
pressure of 10 to 15 lb per sq in. and was reduced by a regulator 
before the meter used on the 
tests to 3 to4lb persqin. The 
gas was measured by a dry 
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Measurement of Temperatures. A Pt, Pt-Rh thermocouple 
supported in a water-cooled tube with 31/2 in. at the hot junction 
exposed to the gases was used for most of the temperature 
measurements. Comparative trials with a suction-type thermo- 
couple showed that when the two couples were so placed as to 
read the temperatures at the same point simultaneously, the 
indications checked within 0.1 millivolt, 15 F, which was the 


IL 


displacement meter; the pres- 
sure was measured by a mer- 
cury column and the tempera- 
ture by a thermocouple in the 
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gas stream at the meter. All 
gas volumes were corrected to 
standard gas conditions, 30 


in.,60 F. A thin-plate orifice 
meter in the gas line allowed 
easy adjustment of constant 
flow. The gas furnished during the period of the tests varied 
rather widely in its composition. Table 1 shows the composi- 
tion of seven samples of gas. 

These analyses were made in a Bureau of Mines type orsat in 
which the hydrocarbons are determined by slow combustion and 
can only be calculated as CH, and C:He. The gas supplied in 
Columbus may come from 3400 different wells in 14 producing 
sands, and a small amount of petroleum-refinery gas is also used. 
The gas from some of these wells is wet; that is, it contains 
considerable amounts of the higher hydrocarbons. As these 
could not be determined on the apparatus available, the analyses 
are to some extent in error. 


TABLE 1 NATURAL GAS COMPOSITION 
itech iesetaenvadas 3 5 8 9 10 12 1 
Date eee 7-14 7-20 9-2 9-15 9-22 10-4 10-12 
67.4 66.3 60.9 66.2 72.4 76.8 78.7 
17.2 16.8 25.4 21.7 16.1 12.4 9. 
3.2 3.6 5.8 Ge 0.8 
0.5 06 05 06 06 0.6 0.4 
13.9 15.1 11.6 10.0 10.1 9.5 10.4 


The variation in the composition is caused by the necessity of 
mixing of widely different gases and of the introduction of inerts, 
CO, and N;, to maintain the calorific value as close to 1000 Btu 
per cu ft as possible. 

Air Supply. In all tests all the air was supplied at the burner 
through the 6-in. duct shown in the burner drawings. The 
weight of air supplied was determined from the pressure drop 
across an orifice in this duct. 

Heating of Furnace. The furnace was heated by burning gas 
at the rate and with the air supply desired for about 4 hours to 
approach equilibrium conditions before taking data. The 
actual taking of data, which included the collection of two sets of 
samples of gas at six points in the furnace, the measurement of 
gas temperatures, and the measurement of the radiation from the 
flame at four points, required about 3 hours. 

Sampling of Gases. Gas samples were withdrawn through 
water-cooled samplers and collected over mercury. The samples 
were analyzed in an orsat apparatus using mercury as the dis- 
placing fluid. 

Samples were taken along the central axis of the furnace only. 
Although, because of stratification of gases, particularly with the 
luminous-flame burner, this did not give the average composition 
in any plane, it was thought that it did give a better record of the 
progress of combustion than would an average. The stratifica- 
tion in the furnace and the flow of gases were discussed more 


completely in the report on the pulverized-coal tests.(9) 
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limit of graduation on the potentiometer used. The differences 
should not be great, because the temperature of the walls of the 
furnace was not greatly different from that of the gas. Such 
close agreement was not obtained when successive traverses of the 
furnace were made with the two thermocouples, particularly near 
the burner, where there was stratification. The lack of agree- 
ment was largely caused by the instantaneous variations in the 
temperatures. 

Trials were also made in the luminous-flame tests of the two- 
color pyrometer principle so nicely worked out by Hottel,(10) 
but, as he predicted in a private communication to the author, 
the momentary variations in the flame made accurate readings 
of the temperatures with the optical pyrometer impossible. 

It is freely admitted that the temperature measurements were 
the weakest part of this work, as they generally are of similar 
investigations. As it was not indicated that any other method 
would give enough greater accuracy to warrant the difficulties of 
use, the exposed thermocouple was principally used. 

Measurement of Radiation. Fig. 3 shows the arrangement of 
the apparatus used for the measurement of the radiation from the 
flame; this was similar to that described by Koessler.(11) It 
consisted of a Moll thermopile mounted on the end of a water- 
cooled tube which contained four diaphragms to limit the angle 
of vision. Around the thermopile was a water jacket through 
which the water flowed in series with the tube; in this way the 
cold ends of the thermopile junctions and the surface of the tube 
that the thermopile ‘‘saw” were at the same temperature, and 
the output was zero independent of changes in room or water 
temperature. 

A water-cooled copper cone served as a limiting cold screen to 
insure that the radiation falling on the surface of the thermopile 
was from the flame only. The cone shape was adopted to insure 
more nearly black conditions by decreasing the possibility of 
reflection from the surface. This limiting screen was adjustable 
to obtain any thickness of flame up to the diameter of the furnace. 

The entire assembly was mounted in a plate and refractory 
block and could be changed from one to another of the four ports 
provided in the furnace. 

Another plate and block were provided so that the thermopile 
and tube could be placed in it to obtain the radiation from the 
wall and flame or wall alone when the flame was cut off. 

The water-jacket assembly for the thermopile was hinged so 
that it could be swung back from the end of the tube. The tube 


containing the diaphragms could then be removed and a thermo- 
couple run into the furnace for the measurement of gas tempera- 


ture. 
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The output of the thermopile was read on a semi-precision 
potentiometer with external reflecting galvanometer; this could 
be read to 1 microvolt. 

The thermopile was calibrated with water jacket and water- 
cooled diaphragm tube as a unit. This eliminated the necessity 
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Fic. 5 TEMPERATURE AND COMPOSITION OF GASES, SEMI-LUMINOUS 
NaTURAL-Gas FLAME 
(Rate of heat input, 2,800,000 Btu per hr; nominal excess air, 0 per cent.) 
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of making any calculations for the correction for the angle of 
vision. A graphite cylinder heated in a gas furnace was used as a 
black-body source; a thermocouple on the inside back wall of the 
body measured its temperature. A straight-line calibration 
curve was obtained; the factor was 145 Btu per sq ft per hr per 
microvolt output. 

The thermopile attained full output quickly, but had enough 
lag so that it ironed out small fluctuations in the flame radiation. 
Only with violent fluctuations in the flame temperature did the 
galvanometer swing so rapidly as to make accurate readings 
difficult. 


Discussion oF RESULTS 


Process of Combustion. Fig. 4 shows the change in the tem- 
perature and composition of the furnace gas at varying distances 
from the burner when burning natural gas at a rate of approxi- 
mately 2800 cu ft per hr with the non-luminous burner with 
different amounts of excess air. The percentages of excess air 
given in the figure are the nominal amounts. Because of the 
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AND COMPOSITION OF GASES, 
NaTuRAL-Gas FLAME 


(Rate of heat input, 2,840,000 Btu per hr; nominal excess air, 0 per cent.) 


change in the composition of the gas, the actual excess air was 


Punts somewhat different; for example, in the test marked 0 excess air, 


there was a deficiency of air, for CO and H, were present at the 
last point of sampling without enough O, to burn them. 

The curves show the great rapidity of the combustion of the 
gas. At the first point of sampling, 1 ft from the burner, the CO; 
was at or above the maximum reached at the last position of 
sampling. That the CO, was higher at 1 and 2'/, ft from the 
burner than later in the curve for 20 per cent excess air shows 
that even with this burner the mixture was not uniform. 

With 10 per cent excess air some CO was found at 1 and 21/, ft 
from the burner, but it was completely burned at 4!/2 ft. With 
the nominal 0 per cent excess, both CO and H; were found at all 
positions of sampling. 

The temperature curves also show the rapidity of combustion. 
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The temperatures were the highest, 2800 to 3070 F, at 1 ft from 

the burners, and then decreased regularly through the furnace. 
Fig. 5 shows the temperature and composition of the gases in 

the furnace when burning natural gas in the burner shown in 

Fig. 2B with the short tunnel. Here the CO, content increased 
slowly, and CO, Hz, and CH, were found at all points of sampling; 
even ethane, C:Hs, was found up to 41/; ft from the burner. The 
content of H; was greatest at 41/2 ft, at which point the flame 
first became strongly luminous. The temperature of the gas was 
lowest near the burner, increased to a maximum at 6'/; ft, and 
then decreased. The maximum was 2500 F as compared with 
3070 F for similar rate of heat input and excess air with the non- 
luminous burner. 

The temperature and composition of the gases when using the 
long tunnel on this burner, as it is shown in Fig. 2C, were very 
similar to those just shown. Some combustion took place 
within the burner tunnel, so the CO, content and temperatures 
were somewhat higher in the first points of measurement, but the 
general trend was similar. 

Fig. 6 shows the temperature and composition along the path of 
the gases when using the long pipe insert shown in Fig. 2C, with 
which mixing of the gas and air occurred only in the furnace. 
The CO, content increased slowly, large amounts of CH, and 
C:He were found in the early part of the flame, and about 4 per 
cent each of CO and H;, remained at 101/; ft from the burner. 
The temperature of the gases increased slowly and did not attain 
a maximum; heat was still being liberated faster than it was being 
lost from the flame. 

Radiation From Flame. Table 2 shows the results of measure- 

_ ments of the radiation from the non-luminous gas flame which are 
typical of other results. At each position the radiation was 
measured at five flame depths. Qr is the product of the thermo- 
pile calibration constant and the output Hr. The temperatures 
given in the table are averages of six measurements made at 
different points in the flame. Qasr is the calculated radiation 
from a black body at the temperature of the flame to a body at 

—_— zero; the emission of the thermopile at room tempera- 

_ ture is so small relative to that of the flame that the thermopile 

may be considered ‘as at absolute zero. 

of the measured radiation to Qar. 


The term pr is the ratio 


TABLE 2 RESULTS OF RADIATION M 


; (Non-Luminous Natural Gas Flame. Heat Inp 
Excess Air, 0 Per Cent.) 


SUREMENT 
» 2,632,000 Btu/Hr 


Distance Qr 
from depth Btu per tr Btu; per 
: burner, of flame, EF, sqftper deg F, sq ft per 
ft in. m.v. hr avg. br pF K 

0.5 10 0.056 8,120 2597 150,500 0.054 0.0055 
7 15 0.084 12,200 0.081 0.0058 
7 20 0.123 17,850 0.119 0.0065 
30 0.160 23,200 0.154 0.0055 
7 35 0.176 25,500 0.169 0.0053 
a 10 0.064 9,280 2645 160,500 0.058 0.0060 
15 0.105 15,200 0.095 0.0067 
7 20 0.138 20,000 0.125 0.0067 
30 0.195 28,300 0.176 0.0065 
35 0.214 31,000 0.193 0.0053 
7.5 10 0.078 11,300 2580 147,500 0.077 0.0081 
15 0.106 15,400 0.105 0.0074 
20 0.130 18,850 0.128 0.0069 
30 0.178 25,800 0.175 0.0062 
35 0.212 30,700 0.208 0.0067 
11.5 10 0.060 8,700 2389 114,500 0.076 0.0078 
: 15 0.078 11,300 0.099 0.0071 
20 0.101 14,650 tt 0.128 0.0069 
30 0.142 20,600 8180 010071 
0.165 23, 900 0.209 0.0067 


The measurements at varying flame thickness were taken in the 
hope that data would be made available for the calculation of the 
radiation of a flame of any given thickness. The relation of the 
a emission of a “gray” flame to the thickness is given by: 


[1] 
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where Qz is the emission of a black body at the temperature of 
the flame, K is the absorption coefficient, L is the thickness, and 
p is the emissivity. However, as stated before, non-luminous 
flames are not “gray,” but are strongly selective radiators. 
Therefore, the emission of a non-luminous flame even in infinite 


thickness will not have the emission of a black body at the same _ 


temperature. 


The relation of the emission of a non-luminous flame to thick- | 


ness is given by 


[3] 
where Qwm is the emission of the flame at infinite and HO, 


For any given temperature and concentration of CO, and H,0, 
Qu will have a definite relation to Qs. 
written 


Hence [3] may be 


[4] 
where C = Qu/Qzs. 


Having given the measured radiation at two thicknesses, we 
have two equations with two unknowns, K and C, but as there 
may be a zero correction in the distance L, it is better to consider 
three measurements at three thicknesses. From [3] it develops 
that 


L,— Ly; Qu — Qs 
Qu — Qs 


If L,, Lz, and Ls are so chosen that the ratio on the left-hand side 
of [5] is 1, then 


Q:2; — Q:? 
Q: + Q3 — 2Q: 


Equation [6] has been applied to a number of the measure- 
ments on the non-luminous flames, but the agreement was poor 
and some absurd results were obtained. Possible reasons for this 
are (1) lack of uniformity of temperature of the gas, (2) lack of 
uniformity of composition, or (3) inaccuracy of measurements. 

The foregoing argument is based on the general assumption 
that non-luminous flames are truly selective radiators which have 
no emission except in narrow bands. If this were not true and 
other gases radiated over the entire spectrum or there were small 
amounts of carbon in the flame, even so little that it could not be 
visually detected, then an infinite thickness of the flame would 
radiate as a black body and K could be calculated from [1]. 
The last column of Table 2 gives the values of K so calculated for 
this set of readings. Although the constancy of K is by no 
means all that could be desired, it may be significant that the 
constancy is as good as it is. 

With flames that should be truly “gray” and where, therefore, 
K can be validly computed by [1], as pulverized-coal and lumi- 


Qu = 


TABLE 3 COMPARISON OF ABSORPTION COEFFICIENTS K, 
FOR VARIOUS FLAMES 


(Heat Input, 2,600,000 to 3,000,000 Btu per Hr. 
Depth of Flame, 35 In.) 


Distance 
from Pulverized Non-luminous Semi-luminous Luminous 
burner, Hocking coal natural gas natural gas natural gas 
ft PP K pF K pF K pF K 
0.5 0.63 0.0249 0.17 0.0053 0.19 0.0060 0.72 0.0366 
3.5 0.47 0.0159 0.19 0.0053 0.21 0.0067 0.44 0.0222 
7.5 0.42 0.0136 0.21 0.0067 0.31 0.0106 0.69 6.0344 
11.5 0.43 0.0141 0.21 0.0067 0.26 0.0085 0.68 0.0325 


Excess Air, 0 Per Cent — 
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nous gas flames, the agreement of the calculated values of K for 
various flame thicknesses was not so good as for the non-luminous 
flames. This is explained by the known greater variation in the 
temperature and composition of the gas and in the concentration 
of solids across the flame. 

Table 3 shows comparative values of pr and K for pulverized- 
fuel, non-luminous, semi-luminous, and luminous natural-gas 
flames. The greater the emissivity, the greater is the value of K. 
As K is the slope of the curve when the logarithm of the trans- 
missivity, 1 — pr, is plotted against depth of flame, the greater is 
K, the more rapidly does the emission of the flame increase with 
increase in the depth of the flame. 
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Fie. 7 TEMPERATURE, RADIATION, AND EMISssIvITy oF GAs AND 
Coat FLAMES 


(Rate of heat input, 2,600,000 to 3,000,000 Btu per hr; nominal excess air, 
O per cent.) 


Comparison of Calculated and Measured Radiation. Although 
it is apparently impossible to obtain data from these measured 
values of the radiation from non-luminous flames to permit the 
caiculation of the radiation of any thickness of flame, the fact 
that the radiation from these flames is presumably due only to the 
CO, and H,0 in the flame permits comparison of the measured 
and calculated values according to the published data of Schack 
and Schmidt. Table 4 shows the comparative values for 15 
measurements. The first position of measurement, 6 in. from 
the burner, was not included because of the uncertainty of the 
composition of the gas and the exact thickness of the flame. 

By chance, two of the measured values agreed exactly with 
those calculated, and only one measured value was less than the 
calculated. The other 11 measured values were higher than 
those calculated by 2 to 21 per cent; the findings of other investi- 
gators have been similar. If Schack’s values for the radiation of 
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TABLE 4 COMPARISON OF CALCULATED AND MEASURED 
RADIATION FROM NON-LUMINOUS NATURAL-GAS FLAMES 


Distance 

Heat input, Excess from 
million air, burner, Radiation, 1000 Btu eer eq ft perhr 
Test Btuperhr percent ft Cale. Measd. 
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this shows that Schack’s values for CO, radiation need careful 
experimental checking, and it is understood that this is being | 
done. 

The maximum deviation of the measured from the calculated — 
radiation was 21 per cent and the average was 7 per cent. For 
this type of measurement this is considered excellent sonra 
and indicates that for non-luminous flames the radiation may be 
calculated with a probable error of not more than 10 or 15 per — 
cent. 

Comparison of Radiation From Various Flames. Fig. 7 7 shows — 
graphically the temperature, radiation, and emissivity at varying 
distances from the burner with non-luminous, semi- hal 
and luminous natural-gas flames and pulverized Hocking coal at 
similar rates of heat input and excess air. The temperatures 
shown are the average of a number of readings across the flame, 
and are therefore lower than those taken on the axis of the fur- 
nace, as shown in the preceding figures. 

The highest temperatures occurred with the non-luminous gas 
flame; the temperature curve of the pulverized-coal flame was — 
lower, but similar in shape to that of the non-luminous gas flame. 
The temperature of the semi-luminous flame reached a maximum 
at 7.5 ft from the burner, and then decreased below that of the 
fully luminous flame, which increased at each point of measure- | 
ment. 

The highest radiation from the flame was found when burning ; 
pulverized coal; it was practically the same at the first two _ 
points of measurement, and then decreased as the solid carbon 7 
was burned from the flame. 7 

The radiation from the non-luminous gas flame was practically 
constant over the length of the furnace. The decrease in the > 
temperature was compensated by the increase in the actual 
thickness of the flame. The radiation from the flame called 
semi-luminous was greater than that from the non-luminous | 
flame at only one point, although the flame was so luminous that | 
one could not see the opposite wall, whereas the non-luminous 
flame was perfectly transparent. : 

The radiation from the luminous flame increased along the | 
length of the furnace until at 11.5 ft from the burner it was 
practically as great as that from the pulverized-coal flame near 
the burner. 

The emissivity (the ratio of the radiation from the flame to 
that of a black body at the same temperature) of the non-lumi- 
nous flame was the lowest of those of the four flames; it was 
practically uniform at 0.17 to 0.21. The emissivity of the semi- — 
luminous flame was not much higher, but that of the luminous — 
flame was higher even than that of the pulverized-coal flame, — 
except at the second position; this low value may have been a 
chance occurrence in this test. The emissivity attained, 0.70, — 
shows that with a not much greater depth this flame would 7 
radiate practically as a black body. 
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The purpose of this investigation was not to study burners, 
but the principles of combustion and radiation; therefore the 
study of the luminous-flame burner was not carried to any 
degree to develop a better burner. From the data presented on 
the progress of combustion, it is quite obvious that from this 
viewpoint either the semi-luminous or fully luminous burner was 
much inferior to the non-luminous burner. The ultimate ca- 
pacity of the non-luminous burner with complete combustion of 
the gases had apparently not been approached, if at least 10 per 
cent excess air were supplied. With the luminous-flame burner 
the heat input would have had to have been decreased consider- 
ably to have attained complete combustion in the furnace. 

On the assumption that the rate of combustion depends on the 
rate of diffusion between air and gas layers, Burke and Schu- 
mann(12) developed a theory for the prediction of flame length, 
and report excellent agreement with measured values. 

It is apparent, therefore, that the non-luminous burner could 
have been much improved in regard to completeness of combus- 
tion with the proper changes in thickness of air and gas layer and 
with regard to the possibility of mixing. It is possible, although 
not probable, that this could be accomplished without decrease 
in the emissivity of the flame. The low temperature in the early 
part of the flame probably could be increased, and it and the 
radiation made more nearly uniform throughout the length of 
the furnace. Few data on the actual performance of commercial 
luminous-flame burners have been published; it would be desir- 
able to have such data. 


PRACTICAL CON CLUSIONS 


BurNER 


Net Rate or Heat TRANSFER 


7 The data presented have shown that the radiation and emis- 
sivity of the fully luminous flame were much higher than those of 
the semi-luminous and non-luminous flames. If, however, the 
test furnace had been an industrial furnace which heated plates 
or bars of steel, or had been a glass furnace, the steel or glass 
would not have been shielded from the opposite wall by a water- 
cooled plate as was the thermopile with which these measure- 
ments were made. In addition to receiving heat from the gases, 
the work would have received heat from the refractory walls as 
well, which are heated nearly to the temperature of the gases 
and which have a high emissivity. 

The heat which passes through the gases from the roof or walls 
to the work depends on the transmissivity of the gases to radiant 
heat; the transmissivity is equal to 1 minus the absorptivity, 
which is equal to the emissivity. Therefore the total net heat 
received by radiation by the work whose temperature is 7'w and 
emissivity 1 from the flame whose temperature is Tr and emis- 
sivity is pr and a parallel roof whose temperature is Tr and 
emissivity 1 may be calculated as follows, assuming for simplicity 
both the work and the roof as infinite parallel planes: 


Q = opr(Tr* — + o(T — Tw')(1 — pr) 


where o is the constant of radiation. The first term represents 
the transfer from the flame to the work and the second the 
transfer from the roof to the work. 

From this equation it can be seen that, although the rate of 
heat transfer from the flame to the work increases as the emis- 
sivity of the flame increases, the rate of heat transfer from the 
wall to the work decreases. Therefore, the total net rate of 
transfer from the flame and wall will not be greatly increased 
with an increase in emissivity of the flame, even if the tempera- 
ture of the flame does not change. Table 5 gives some numerical 
calculations that may make this point clearer. Flame emissivi- 
ties of 0.2 to 0.8 with a constant flame temperature of 3000 F 
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have been assumed. The temperature of the surface of the work 
has been assumed as 2000 F, and the temperature of the roof has 
been assumed to increase from 2600 to 2900 F as the emissivity 
of the flame is increased; the exact temperature increase assumed 
may not be valid, but the order of increase is correct. 


TABLE 5 CALCULATED NET TRANSFER OF HEAT BY 
RADIATION WITH INCREASE IN EMISSIVITY OF FLAME 


opr o(1 — pP) 
Tr.°F Tw.°F TR,°F (Tr*+—Tw) (Tr‘*— Tw Q 


PP 
0.2 3000 2000 2600 36,600 70,400 107,000 : 
0.4 3000 2000 2700 73,200 65,400 138,600 
0.6 3000 2000 2800 109,800 52,600 162,400 
0.8 3000 2000 2900 146,400 31,300 177,7 


The values show that as the emissivity is doubled, the net _ 
transfer is increased by only about 30 per cent, and when the 
emissivity is made four times as great, the radiation is increased __ 

by only about 70 per cent. aa 

The calculations assume that the temperature of the flame > 
remains constant as the emissivity is increased, but it has been 
shown that, other things being equal, the temperature will 
normally decrease; therefore the increase in the rate of heat a 
transfer by radiation will be lower than that calculated. 

Measurements were made of the radiation from the flame, De ‘ 
flame and wall, and the wall only at 7.5 ft from the burner on | 
similar tests, with luminous and non-luminous flames. The ’ 
radiation from the flame was measured as usual; then the water- 
cooled background was removed and the radiation of the wall 
and flame was measured. The gas and air were then shut off, 
and readings of the radiation and temperature of the wall were 
taken at intervals of 1 min to extrapolate back to time of shut- 
off, as the temperature of the wall decreased rapidly at first. 

Table 6 presents the results. 


TABLE 6 CALCULATED RADIATION FROM 


ALL AND FLAME 


Non-luminous Luminous 
Measured radiation, Btu per sq ft per hr: 
27,7 64,600 
Flame and wall............. 120,500 104,000 
Emissivity of flame 0.19 0.69 


Calculated radiation: 
Flame and wall = 27,700 + 103,800 (1 — 0.19) = 106,300 
64,600 + 88,450 (1 — 0.69) = 92,020 
Difference of calculated and measured = re 


(120,500 — 106,300) 100 


= 12 per cent 


120,500 
(104,000 — 92,000) 100 
104,000 


= 11 per cent 


At this position in this furnace, therefore, work on the hearth 
would have received heat by radiation at a greater rate when 
burning the gas with a non-luminous than with a luminous flame. 

The transfer of heat by convection has been neglected in this 
consideration, but it is obvious that, because of the higher 
temperature of the gas, the higher velocity, and the possibility 
of impingement of a non-luminous flame directly on the work, 
or both, whereas the non-luminous flame must flow with less 
turbulence, the rate of heat transfer by convection should be 
higher with non-luminous than with luminous flame. 

The problem of radiant-heat transfer in actual furnaces is 
somewhat more complex than the illustration, because the factors 
of the relative areas of the work and the walls, their angular 
relation, and their emissivities enter. However, it can safely be 
stated that in furnaces where the roof and walls are at a higher 
temperature than the work to be heated, the possibility of in- 
creasing the rate of heat transfer by increasing the luminosity of 
the flame is limited. 

This important factor, the effect of the emissivity of the flame _ 
on the radiation from an opposite wall, is one apparently gener- 4 
ally overlooked. It has, however, been very well covered by an 
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Schack.(13) He believes that in furnaces, such as open-hearth 
steel furnaces, where the roof temperature is kept only about 
50 F above the slag temperature, an increase in the emissivity 
of the flame may increase the rate of heat transfer by radia- 
tion. In furnaces, such as boiler furnaces, with water-cooled 
walls where no high-temperature solid radiating surfaces are 
found, the overall transfer of heat by radiation can be increased 
directly as the emissivity of the flame is increased. 


EFFECT OF DISTANCE ON RADIATION EXCHANGE 


The observation has been made that engineers frequently 
misapply the “inverse square of the distance” law which they 
loosely quote as saying that the radiation received per unit area 
of a surface varies inversely as the square of the distance from 
the source. They then conclude that this means that, if the 
flame can be placed near the work, the rate of heat transfer by 


_ radiation will be much greater than if it is farther away or is being 
_ received from the roof. 


This law applies strictly, however, only to radiation from a 
point source. The actual effect of the distance between planes 


has been presented by Hottel.(14) He expresses the heat 


exchange as 

where A is the area, F4 is the angle factor including the effect of 
distance, and Fz is the emissivity factor. He presents a curve 
in which F'4 for squares or disks connected by non-conducting 
but re-radiating walls is plotted against the ratio of the side or 
diameter to the distance between the planes. For values of the 
ratio above 1, the change in F'4 is not rapid—not nearly so rapid 
as the inverse square law would show. For example, the follow- 
ing points have been taken from his curve: 


0. 
0. 
0.25 0. 


Ratio by inverse square law.... 
The wide departure of the true relation from the inverse square 
law is obvious. 


ADVANTAGES OF LUMINOUS FLAMES 


If luminous flames do not transfer heat at a greater rate than 
non-luminous flames, wherein do their advantages lie, or are they 
merely imaginary? The term “soaking heat’’ is a common one 
among practical furnace men, and there is some evidence of their 
belief that the heat of a luminous flame is more penetrating than 
that of a non-luminous flame. 

The difference may probably best be explained by a practical 
example. A continuous furnace for heating steel for forging in 
which the steel moved countercurrent to the gas was operated 
with a non-luminous gas flame and with a highly luminous oil 
flame. With the oil flame the steel was withdrawn at just the 
right temperature for forging and was heated entirely through to 
a practically uniform temperature. With the non-luminous gas 
flame, although the steel was almost dripping when withdrawn, 
it did not forge well because only the surface was heated. 

The difficulty here was not a difference in the overall transfer 
of the two flames, but the difference in the distribution of the 
transfer over the length of the furnace. At any point in the oil 
flame the rate of transfer was not so great as the maximum from 
the gas flame, but it was more uniform over the entire length of 
the flame. The heat was not transferred at a greater rate than it 
could penetrate the steel; therefore, as commonly expressed, 
it “soaked in’”—that is, the temperature increased substantially 
uniformly through the piece. In the gas flame the rate of heat 
transfer was low until the zone of combustion was reached; here 


the sum of the rates of heat transfer by radiation from the flame 


and walls and of the convection from the high-temperature gases 
was greater than the possible rate of heat penetration into the 
steel, and the outer surface was raised to the melting point while 
the inside was yet at too low a temperature for forging. 

The proper heating of the steel might have been obtained with a 
non-luminous flame, if the heat input had been distributed among 
a number of burners along the furnace to maintain a uniform and 
not too high a rate of heat transfer. 


CHEMICAL EFFECTS OF LUMINOSITY 


As this paper is principally concerned with radiant-heat trans- 
fer, the problem of the chemical effect of the flames will only be 
briefly mentioned. This is of particular importance in the heat- 
ing of steel which will oxidize and scale not only in atmospheres 
containing oxygen, but also in those containing no oxygen but 
CO, and H,0. It is therefore necessary to maintain a reducing 
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atmosphere, a certain percentage of CO, to avoid the scaling of 
steel when burning gas with a non-luminous flame. This will 
usually result in an appreciable loss of heat in unburned gases. 

In a luminous flame CO, H:, and perhaps methane will be 
present, but free oxygen also remains. However, there is free 
carbon present, and as this will deposit on the work, it probably 
reduces the oxidation of the steel. In some luminous-flame 
burners a raw-gas blanket is introduced over the work being 
heated. This will result in an increased consumption of gas, 
but this may be more than offset by the better quality of the 
product. 


HEAT TRANSFER IN GLASS TANKS 


In the melting and refining of glass it is highly desirable that 
the glass be heated as uniformly as possible from top to bottom 
of the tank. Convection from the gases can heat the top of the 
glass only, and this heat can be transferred to the bottom only 
by conduction and by convection currents set up in the glass. 
The conductivity of glass is comparatively low, and until the 
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glass is at high temperature, convection will be low because of its 
high viscosity; therefore, the rate of heating of the bottom may 
be low. 

As glass is transparent to visible radiation, it is frequently 
assumed that it is transparent to the invisible thermal radiation 
also. Data are lacking on the transmission of glasses at high 
temperatures, but the transmission of a number of glasses at 
room temperature has been measured; these measurements 
show that even in thin layers practically all glasses are opaque to 
wave lengths beyond 3 to 4u. 

Fig. 8 shows in the upper curve the intensity of black radiation 
at different wave lengths at 2420 F, and the lower curve shows the 
intensity of radiation transmitted by a piece of window glass 
2.11 mm in thickness, assuming that the transmission of the glass 
at 2420 F is the same as at room temperatures at which the 
transmission was measured by Coblentz.(15) The area under 
the curves is the total radiation over the entire band. Measure- 
ments of these areas by a planimeter show that the glass would 
transmit about 48 per cent of the energy entering it. As molten 
glass may not have the same transmission as cold glass and as 
the depth of glass baths is much greater than that of the ex- 
ample, the actual transmission would probably be much different 
from this value. 

The relation of the absorption of radiant heat to the thickness 
is, as for gases, expressed by 


Q = Q(l — e**) 


where Q is the amount absorbed and Q. the amount entering the 
thickness L. A consideration of this expression brings out an 
interesting fact. If the absorption coefficient K were 0 (that is, 
if the glass were perfectly transparent), then Q = 0, and with 
any depth of glass no radiant heat would be absorbed. All the 
radiant heat would pass to the bottom of the tank and would be 
transferred to the glass by conduction. On the other hand, if 
K = ©, the glass is perfectly opaque; then any thickness would 
absorb all the heat, and none would reach the bottom of the 
bath. It is clear, therefore, that for a maximum absorption of 
radiant heat in a layer at same depth in a bath, there is a definite 
intermediate value for the absorption coefficient. 

A complete understanding of the problem of heat transfer to 
molten glass cannot be had until data are obtained on its absorp- 
tion of radiant heat. It is considered possible that the advan- 
tages reported in the current literature for the use of luminous 
flames lie not in an increased rate of heat transfer, but in a more 
uniform rate of heat transfer over the area of the bath. This 
would avoid the formation of localized areas of high-temperature 
and thinly fluid glass and other localized areas of low-temperature 
and viscous glass. 


SUMMARY 


From the data and analytical considerations presented, the 
following conclusions in regard to the transfer of heat from 
luminous and non-luminous gas flames can be made: 

1 Luminous gas flames are now being obtained principally 
with slow-moving, stratified streams of air and gas, which, from 
the viewpoint only of efficient combustion, are much inferior to 
non-luminous flames. 

2 Combustion is extremely rapid in premixed, non-luminous 
flames which results in a high-temperature zone near the burners, 
whereas combustion is spread out over a larger area in luminous 
flames which results in a lower maximum temperature. With 
proper burner design a more uniform temperature over the 
length of the furnace could probably be obtained with a luminous 
flame. 

3 Although natural-gas flames can be produced that have an 
emissivity approaching that of a black body and consequently a 
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higher rate of heat transfer than s non-luminous flame, the total 
radiant-heat transfer from the flame and the wall, in those fur- 
naces having walls hotter than the work being heated, will not 
be much greater for the same flame temperature than with a non- 
luminous flame. As the temperature and convection transfer 
are generally lower, the total rate of heat transfer will normally 
be lower with a luminous than with a non-luminous flame. 

4 The advantage of a luminous flame in many heating proc- 
esses lies not in a higher rate of heat transfer, but in a more 
uniform transfer over the entire furnace as a result of the slow 
combustion and slow heat liberation. 

5 The presence of free carbon probably has a beneficial 
effect in the reduction of oxidation and the scaling of steel. 

6 A complete analysis of the transfer of heat to molten glass 
is not possible because of lack of data on its absorption of radiant 
heat, but the conclusion is reached that any advantage of a 
luminous flame in glass melting lies in a more uniform distribution 
of heat transfer rather than an increased rate of transfer. = 
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Discussion 

H. V. Fuaaa.* The paper shows evidence of careful planning, 
deep study, and patient experimental work. The contribution 
should be very helpful and valuable, and it is hoped that it may 
be followed up by further experimentation. The writer’s 
observations and plant work do not lead to complete agreement 
with the conclusions reached in the paper, but it is believed that 
the differences can be accounted for by what are believed to be 
errors in the basic assumptions. 

The writer would like to consider the subject as a comparison of 
the relative merits of luminous and non-luminous flames for 
metallurgical heating rather than as a discussion of the two types 
of flame from natural gas alone. Luminous flame can be de- 
veloped from any of the commercial fuels in common use, so that 
the differences become merely those of degree, either in heat- 
transfer rates or in flue-gas compositions which affect the chemis- 
try in the furnace. The assumption throughout the work that 
the net transfer of heat in a furnace is the sum of the heat transfer 
from the flame and that from the furnace wall, or at least the 
method of arriving at the same, is open to question. This is 
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certainly not right in the case of a sharp-working open-hearth 
furnace where, as is often the case, the furnace is so organized 
that the roof temperature is actually lower than the bath tem- 
perature. In such a furnace the heat transfer from the flame 
certainly plays the predominant part. The convection transfer 
is undoubtedly important, but cannot be the predominant influ- 
ence, as is evidenced by repeated failure of tests to run an open- 
hearth furnace with a premixed natural-gas flame, which is 
practically non-luminous, and with a heat transfer that is pre- 
dominantly convective. In a metallurgical heating furnace, it is 
necessary to secure the maximum heat transfer with the least 
possible difference between the temperature of the flame and the 
temperature desired in the work in order to obtain uniform heat- 
ing. 

This result can be obtained with non-luminous flame by mak- 
ing the heating time sufficiently long, but in many cases this 
requires a furnace size and space that is prohibitive. The use of a 
luminous flame in such furnaces makes it possible either to obtain 
better heating for given production or greater production for the 
same standard of heating, because of a higher heat transfer from 
the flame and the decidedly lessened influence of the transfer from 
the walls. The development of the luminous-flame burner has 
resulted from the need to secure from natural gas a flame with 
this resultant higher heat transfer which is so easily secured from 
producer gas or fuel oil. The old-time heater who burned natural 
gas prior to the time of the development of the premix burner 
knew how to get the luminous flame, but his control of furnace 
atmosphere and of fuel economy left much to be desired, since one 
vital element, that of combustion-air supply, was never completely 
under his control. The new luminous-flame burner is designed 
to produce the luminous flame from natural gas with all three 
essential factors—fuel input, air supply, and furnace pressure— 
under exact control. Evidently, the heat transfer in a furnace 
under luminous-flame conditions is very largely from the flame, 
the wall transfer being of minor importance. In this type of 
combustion, the most important function of the wall is to screen 
off heat losses so that flame temperature can be maintained. 
The old sheet heater maintains a heavy flame in his furnace, not 
only to establish the maximum possible heat transfer from the 
flame, but also to hold the wall temperature down so as to prevent 
radiation from the wall surfaces which might cause local over- 
heating. 

The author’s reservation as to the use of the “inverse square of 
the distance” law is open to question. It is commonly accepted 
that the heat transfer to an open-hearth bath is predominantly 
radiation from the flame. Furthermore, it is axiomatic that the 
flame must “‘wipe the bath.” A non-luminous flame will melt 
down a charge very rapidly, but as soon as the bath is under 
cover “‘it goes dead,” which indicates that convection transfer is 
not the controlling factor. When a luminous flame “wipes the 
bath,” the distance between the source of radiation and the work 
approaches zero, so that the distance factor is practically elimi- 
nated. Itis probable that this law has much more importance in 
the range of very small distance than it has in the range con- 
sidered in this paper, so that the importance of the effect of 
distance on radiation may be much greater than the author 
believes. The example of the forging furnace using non-luminous 
flame and the one using the luminous flame for the same work 
and the comparison of results obtained is a familiar one, but the 
author’s solution is not borne out in practise. The writer has in 
mind two continuous annealing furnaces similar in size and 
construction. One of these is fired with a large number of natu- 
ral-gas premix burners over its entire length and the other with 
fuel oil over its entire length. The output from the luminous- 
flame furnace is distinctly larger than that from the non-luminous 
furnace. One could cite other instances equally as convincing 
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which indicate that the solution offered of merely adding more 
burners would not have remedied the situation. 

The question of efficiency of combustion is referred to in con- 
nection with improvements in burner design. In metallurgical 
heating, the aim is to secure maximum production and greatest 
yield at least overall cost. Fuel practise under these conditions 
may appear wasteful from the standpoint of efficiency of fuel 
utilization, but the waste may be justified from the results 
secured. In most steel-mill heating operations, luminous-flame 
combustion helps to meet these conditions, so that any experi- 
mental work which has as its aim the improvement of flame heat 
transfer is bound to have value. 


F. B. Jones.‘ The writer agrees that this subject in the past 
has been shrouded with some mystery and that many conflicting 
statements have appeared in the technical press as well as in 
discussions on this subject. There seems to be a great need for 
determining fundamental data regarding the subject of com- 
bustion. 

The author states that the purpose of this investigation was to 
study the principles of combustion and radiation. It is re- 
gretted that he found it necessary to limit the investigation to 
this phase of the subject, as a much more valuable contribution 
could have been made had he been able to study not only different 
types of flames as produced by different types of burners, but 
also the effect of the furnace chamber on the various types of 
flames. 

It seems that the two phases of this subject are very closely 
interrelated, and it would be most difficult to arrive at con- 
clusions on the luminous and diffusion types of combustion if the 
data were limited only to one type of flame and one type of 
furnace chamber. With this thought in mind, the writer would 
seriously question whether sufficient data were available from this 
investigation to justify the author’s conclusions 3 and 4. 

The author uses the terms “luminous” and “diffusion” flames 
interchangeably. To the writer’s mind there is a distinct differ- 
ence. He can find no evidence in the author’s data to show 
whether the flame that he produced with his burner and furnace 
was & luminous or a true diffusion flame. Taking into considera- 
tion the design of the burner that the author terms a “‘luminous’”’ 
burner, and also the fact that the experimental furnace was a 
cylinder 3'/, ft in diameter and about 14 ft long, the writer does 
not believe it is possible to produce a true diffusion flame with 
such a burner and with such a furnace chamber. Therefore, the 
flame the author used was a luminous flame of the delayed com- 
bustion and incomplete mixing type. 

If we are to assume that true diffusion combustion is obtainable 
only when we have parallel streams of gas flowing in a suitable 
furnace chamber that permits parallel or streamline flow without 
turbulence, it would seem to be most difficult to produce a true 
diffusion flame with the furnace set-up used in this investigation. 

A cylindrical type of furnace of a rather restricted diameter and 
length as used in this investigation, having a gas capacity of 2800 
cu ft per hr, would tend to break up and distort parallel lines of 
flow if they were once set up by a suitable burner. In fact, the 
combustion of the gases that the author shows with his luminous 
flame indicates incomplete and delayed combustion even at the 
point of discharge of the furnace gases. 

Fig. 6 shows that, even at a point 10 ft from the burner, about 
4 per cent of CO and hydrogen existed in flame products; also, 
that the percentage of CO, was about 9 per cent, which is below 
that secured with his non-luminous natural-gas flame of 11.5 per 
cent at the same point in the furnace. The oxygen content at 
the same point in the furnace was about 1 per cent. 

A rectangular type of furnace, much longer, would be more 
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adaptable for studying various types of flames, because there 
would be less tendency to set up turbulence in the flame, and 
there would be ample length for the full development of the flame 
length. Of course, the cylindrical type of furnace would be 
satisfactory for studying a non-luminous flame. 

It seems that this whole question of energy radiation from the 
combustion in various types of flames is still one on which much 
experimental and fundamental data are lacking. We are told by 
physicists that heat radiation is a phenomena involving energy 
waves in the ether, very similar to sound waves in the air. We 
are also told by men who have made studies of various wave 
lengths in the air that we have a wide variety of wave lengths 
possible in the ether. At one extreme we have very short cosmic 
rays, gradually getting longer through the X-rays, ultra-violet, 
visible rays, solar, heat, short radio, and finally the regular radio 
rays. It seems that we need data as to when and how the radia- 
tion waves from a flame are produced. Is the radiation produced 
at the moment of chemical union of the various contents of the 
gases such as carbon and hydrogen with oxygen, or are they 
produced continuously after combustion has taken place and 
after the resulting flue gases consisting of carbon monoxide and 
carbon dioxide and water vapor have been heated to a very high 
temperature? Possibly the total radiation is a combined effect 
of radiation sent out from the molecules of gas, both during the 
process of combustion and after they have been chemically 
united. 

The writer’s conception of the true diffusion flame is a flame in 
which microscopic or even ultra-microscopic particles of carbon 
are produced from the carbonaceous gases in the fuel and hang in 
suspension in the flame and set up energy radiations from the 
carbon particles as a result of the carbon particles being heated to 
a high temperature by the release of heat energy as a part of the 
fuel has been united with oxygen. He is of the opinion that the 
total radiation from the true diffusion flame is a result of the heat 
waves produced from the incandescent carbon particles, plus the 
heat waves sent out at the moment the chemical union of oxygen 
with either carbon or hydrogen is effected, plus the heat waves 
sent out from the resulting flue products which are still at a high 
temperature. If we could determine, for example, the total 
amount of energy that might be radiated from any flame from 
the instantaneous production of heat radiation due to the chemi- 
cal union of oxygen and fuel—if it is true that such union pro- 
duces heat radiation —and then determine the amount of energy 
that will be radiated from the resulting hot flue gases at various 
temperatures, then we would be in a position to predict the value 
of a true diffusion flame as a means of increasing the heat radiated 
to the work in the furnace. 

If we had such data we would also be able to evaluate the 
efficiency or effectiveness of various diffusion burners in terms of 
the amount of energy they would release in radiant form from the 
incandescent carbon particles that they produce in the flame. 
Until we have such data we will continue to remain, so far as this 
question of applying luminous and diffusion combustion to 
industrial heating operations is concerned, in a process of engi- 
neering guessing as to the value of one type of flame or burner 
over another. 


F. M. Wasupurn.® A large number of those who have not 
made a study of heat transmission as a rule have in their minds 
several misconceptions; chief among these are the thought that 
no heat transfer by radiation takes place from a non-luminous 
flame, the thought that the heat transfer by radiation from a 
flame is directly proportional to the luminosity or brightness of 
the flame, and the thought that the “inverse square of the dis- 
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tance” law applies to radiant-heat transfer in a furnace. The 
author shows clearly that all of these conceptions are indeed 
more or less erroneous. 

Schack, of course, developed some time ago the formulas for 
radiation from the CO, and H,O vapor present in a non-luminous 
flame, but the magnitude of the quantities of heat transferred by 
such radiation is not generally realized by operators of industrial 
furnaces. The excellent agreement between the experimental 
data obtained by the author and the results calculated by means 
of the published formulas should serve to bring home the im- 
portance of the consideration of radiation from a non-luminous 
flame. It is only natural, since a strictly non-luminous flame is 
invisible, to consider that no great amount of radiation is taking 
place from it, but when it is remembered that by far the greater 
part of the radiation which transmits heat from a flame is outside 
of the visible spectrum and that at the highest temperatures met 
with in industrial furnaces the visible radiation is only a fraction 
of the total radiation, it is seen that it is possible for a flame to be 
practically invisible—that is, devoid of luminosity—and still 
radiate a considerable amount of heat. In a non-luminous 
flame the radiation comes principally from CO, and H,0, which 
substances emit radiation in bands entirely outside of the visible 
spectrum, or in other words, such radiation is invisible. 

Table 5 and the statement by the author that as the emissivity 
of a flame is doubled the net heat transfer is increased by only 
30 per cent shows that the thought that the heat transfer by 
radiation is directly proportional to the luminosity of the flame 
is incorrect. However, from a standpoint of practical operation, 
an increase in the luminosity of a flame does mean an increase in 
heat transfer by radiation, and although the increase in heat 
transfer may not be directly proportional, nevertheless a con- 
siderable gain in heat transfer may be made by this means. 

The application of the “inverse square of the distance” law 
for radiation, which holds for a point source only, where no 
reflecting walls are present, to the conditions existing in a furnace, 
is shown to be erroneous by the author. However, although this 
“inverse square of the distance” law cannot be applied in the 
case of a furnace, where radiation emanates from walls, roof, and 
flame, from a practical standpoint, when using a luminous flame, 
there is a distinct gain in heat transfer obtainable by keeping the 
flame close to the work. 

In this case, while the gain in heat transfer would, as shown by 
the author, not be nearly as great as would be shown by applica- 
tion of the “inverse square of the distance” principle, when using a 
luminous flame, it is highly desirable, if not essential, to keep the 
flame close to the work. Another point which is not generally 
well understood, and which is clarified by the author, is the effect 
of a luminous flame in screening or shutting off the radiation 
from the walls and roof of a furnace. It is rather startling to 


find that as much or in some locations even more heat is trans- — 


ferred from a non-luminous flame as from a luminous flame, when 
the sum of radiation from flame and from roof and walls is 
considered. Since, as pointed out by the author, a non-luminous 
flame is certainly more efficient for the transfer of heat by con- 
vection, the total amount of heat transferred by a non-luminous 
flame would be considerably greater than by a luminous flame. 
However, although this greater transfer of heat, due to the sum 
of radiation and convection, may take place from a non-luminous 
flame in some parts of the furnace, it is still possible that when 
the greater area covered by the luminous flame with its nearly 
uniform heat transfer is considered, the total heat transferred to 
the work in the furnace may be greater when a luminous flame is 
used. There are, in addition, other factors which greatly influ- 
ence the heat transfer. For example, a non-luminous, sharp, 
high-velocity flame is more efficient in melting down the charge 
in an open-hearth furnace, where heat transfer by convection can 


> 
= 
Jak 
te 
te 
y 
> 
@ 
ng 


take place readily due to the penetration of the interstices of the 
charge by the hot gases, as well as taking advantage of radiation 
from flame and from roof and walls. However, after such a 
charge is melted down, and a liquid bath is formed, practical 
experience shows that heat transfer is facilitated by the use of a 
slow moving, highly luminous flame. 

This latter effect is particularly well shown in the case of an 
open-hearth heat where the slag has risen up in a foam. Under 
these conditions, it is very difficult and frequently impossible to 
transfer enough heat to the bath with a non-luminous or weakly 
luminous flame, to flatten down the foam and to cause the re- 
actions in the bath to proceed. If the flame is made highly 
luminous, enough heat can be transferred to the bath to reduce 
the foam and proceed with the heat with much less delay than 
in the former case. 

Chief among the advantages of a luminous flame, the author 
lists “soaking heat.’”? The explanation of “soaking heat” as 
applied to a continuous steel heating furnace is undoubtedly 
correct, and explains clearly the advantage of a luminous flame 
in this application. There is, however, another distinct ad- 
vantage obtained by the use of a luminous flame, particularly in 
open-hearth furnaces, where the refractories are required to 
withstand an extremely high temperature, and that is that a 
luminous flame transfers a much greater portion of its heat by 
direct radiation to the work than a non-luminous flame, and 
makes this transfer with a lower flame temperature. When a 
non-luminous flame is used, a much greater portion of the heat 
transferred must take place by radiation from the walls and roof 
than when a luminous flame is used. Such a large transfer of 
heat by the walls and roof necessarily means heating these parts 
of the furnace to a higher temperature than when more heat is 
transferred direct from the flame. Having the refractories at a 
higher temperature necessarily means shorter life and a higher 
refractory cost. From a practical standpoint, this factor in favor 
of the luminous flame cannot be neglected. 


C. Grorce Seceter.* Not only Mr. Sherman but also other 
workers in the field of luminous or diffusion combustion have 
assumed that the air and gas layers introduced into a furnace 
absorb considerable heat prior to combustion at the interfaces. 
This point.is open to some question, because the absorption of any 
considerable amount of heat, such as raising the absolute tempera- 
ture of the gas from an incoming 520 F to, let us say, double that 
amount, or 1040 F, will be accompanied by an expansion in 
volume to double the initial volume. The same is true, of course, 
of the air volume, and under such conditions there would be 
expected a high degree of turbulence and an immediate destruc- 
tion of anything remotely resembling air and gaslayers. It seems 
to the writer that rather the contrary should be true; that in 
order to preserve luminous-flame conditions in the way they can 
be observed in diffusion-combustion operations, it is essential that 
a relatively small amount of heat be absorbed by the layers of 
air and gas. Consequently, combustion speed remains rather 
slow. Reference to Fig. 30 in the new American Gas Association 
book, ‘‘Combustion,”’ would show that raising the temperature of 
natural gas to, say, 500 F would approximately triple its flame 
speed. Thus, from the admission end to the discharge end of a 
luminous-flame furnace one would expect combustion to be 
progressing at respectively increasingly rapid rates. Observa- 
tion on these points, although superficial as yet, does not seem to 
indicate that any such procedure is taking place. 

Since radiation is not a one-sided phenomenon, but in practise 
must represent the net result between the heat radiated from the 
hottest point and that re-radiated and reflected from other 
points, it is possible that other factors influencing the heat 
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transfer of a furnace also affect the net radiation from a flame. 
It has roughly been established that there is a relation between 
heat transfer, at any given temperature, and the pressure loss 
over a given length of heat travel. To be sure, such a relation- 
ship is only a rough measure, but it is of importance in this 
connection that the results obtained by the author strictly apply 
only to the furnace conditions which were set up by the physical 
limitations of the furnace in use. The relation of flue area to 
total heat input affected the heat transfer over the entire furnace. 
It affected in part the emissivity of the walls, although to only a 
small extent, as near as is known from the limited data of brick 
emissivities at high temperatures. This point is raised in con- 
nection with the attempt to draw practical conclusions from the 
material at hand. It is the thought of this writer that insufficient 
information is available from the tests performed to draw any 
definite conclusions on the rates of heat transfer which can be 
accomplished by various types of flame. 

Recent investigation’? of forging practise comparing both 
diffusion flame and non-luminous types of heating indicates that 
the diffusion flame does permit higher rates of heating in general. 
At the same time this paper discusses the limitations of heating 
rates determined by the thickness of the stock, the physical nature 
of the steel, and other considerations, which of course should not 
be looked upon as limiting the theoretical nature of the flames. 
However, the fact remains that faster work has been reported 
regularly from the diffusion-flame operations, which is contrary 
to the conclusions drawn by the author. It is quite possible that 
this difference has been due in part to the difficult question of 
furnace layout and design, which in turn affects the rate of heat 
transfer. Mr. Sherman calls attention to some of these points in 
the discussion which he makes of the transmissivity and the 
absorptivity of flames in relation to the roof and walls. It is 
possible that further efforts along this line will bring to light why 
certain diffusion-flame operations were capable of being carried 
on more rapidly than with non-luminous flames. 

These considerations might suggest reconsideration of the 
summary statements made by the author. For example, state- 
ment 1 has already been discussed. 

In statement 2, the author indicates that the luminous flame 
would give a more uniform temperature. This statement is only 
partly true, as it overlooks the present practical methods for 
obtaining uniformity by using a multiplicity of burners properly 
located. 

Statement 3 is subject to question based on the data collected 
and reported in the A.G.A. Industrial Service Letter on “‘Forg- 
ing.’ The conclusions drawn therein are somewhat contrary to 
the theoretical considerations made by the author. It is quite 
possible, however, that additional data will eventually correlate 
these apparent discrepancies. 


W. J. Kina.* This paper represents a valuable contribution to 
the data of combustion and radiation in gases. The practical 
significance of the results is enhanced by the large scale of the 
tests, the amount of data obtained, and the excellent experi- 
mental technique. With regard to the latter, there is just one 
question which occurs to the writer: Referring to Fig. 3, is it not 
possible that the water-cooled tube containing the thermopile 
at its right end may have become filled with gases, including 
about 11 per cent CO, which would absorb part of the radiation 
from the flame? Perhaps a very slow stream of dry air or nitro- 
gen might have been passed into the tube to clear out these gases. 

An examination of the data of Table 2 suggests that the 


7 As published in the A.G.A. Industrial Service Letter No. 11 on 
“Forging.” 
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failure of Equation [6] and the significance of the constancy of K 
may be explained by the fact that the depth of the flame was not 
extended far enough to get beyond the almost linear increase of 
pr With L. In other words, up to a depth of L = 35 in. the 
curve of pp against L had not begun to bend over and approach 
the limiting value, i.e., the value of C in Equation [4]. On the 
flat portion of the curve beyond this bend, any variation of K 
would be revealed more plainly and the value of Q,, in Equation 
[6] could be calculated more accurately. 

Perhaps a system of mirrors could be used with this apparatus 
to secure the effect of greater flame depth, by reflecting the heat 
rays back and forth across the flame several times, as was done by 
E. Schmidt in his measurements of the emissivity of water vapor. 

No mention is made in the paper of the possible effect of radia- 
tion due to chemical reactions in the combustion process. This 
would not appear in the non-luminous flame, since combustion 
was complete within a very short distance from the burner, but 
if this effect has any significance in this type of combustion, it 
might have been reveaied if more complete data were given for 
the luminous flames. 

The conclusions drawn in the paper should not be applied too 
generally in practise, and the data should be used advisedly. 
For example, it is stated that, ‘In furnaces, such as boiler fur- 
naces, with water-cooled walls where no high-temperature solid 
radiating surfaces are found, the overall transfer of heat by 
radiation can be increased directly as the emissivity of the flame 
is increased.”’” This is true, as the author points out elsewhere, 
only when the temperature is maintained constant. In small 
boilers particularly, the flame temperature will decrease rapidly 
as the luminosity and emissivity are increased, and if the sur- 
rounding water-backed surfaces are not protected by refractory 
material, the temperature may be too low to support proper 
combustion. In such cases a non-luminous flame will give higher 
temperatures, better combustion, and higher rates of heat 
liberation in a given combustion space with smaller amounts of 
refractory. 

And in connection with Fig. 7 it should be observed that the 
curves of gas temperature and radiation versus distance from the 
burner will be quite different when a charge of cold metal is being 
heated in the furnace. Due to the transfer of heat from the 
flame to the work, all of the curves would be rotated clockwise, 
so that the luminous flame would probably show the most uni- 
form temperature and radiation. 

It is to be hoped that the author will continue his investigations 
in this field. Similar data on combustion and radiation in oil 
flames would be welcomed by designers of combustion equip- 
ment. 


J. D. Ketter.® In the mass of glittering generalities talked 
and extravagant claims made with regard to luminous-flame 
burners, it is refreshing to listen to a paper dealing with actual 
facts. On a few small points, errors may be pointed out, with 
the understanding that they are not emphasized as detracting 
from the value of the paper. Thus, exception may be taken to 
the statement that, of the industrial gases, natural gas is the 
most difficult to crack. Coke-oven gas is much more difficult to 
crack than natural gas, while blue water gas cannot be cracked. 
The statement that mixing must be by diffusion is too broad— 
mixing can be effected after cracking by means of turbulence. 
Similarly, the conclusion that luminous flames transmit no more 
heat than non-luminous flames must be limited to present com- 
mercial burners which are “cracking” but not “‘mixing.’”’ With 
“cracking and mixing” burners much higher heat-transmission 
rates are attainable than with non-luminous flames. 
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It is possible that there are three sources of radiation from 
flames, instead of two as stated in the paper. Besides the 
radiation from solid particles and the continuing radiation from 
the non-luminous gaseous products of combustion after they have 
reached equilibrium, there may be additional radiation resulting 
from the act of combustion or chemical combination. The 
experiments of David on combustion in gas-engine cylinders 
seem to point to something of this sort. This possibility has 
already been alluded to by Mr. Jones in his discussion. It is to be 
noted, however, that the author measured total radiation from 
all sources; hence if radiation due to chemical action is present, 
its effect is included in the values found by the author. 

It may be pointed out that there is one special case where a 
luminous flame is of outstanding advantage—namely, in heating 
large ingots for forging where the furnace interior is cooled down 
before a cold ingot is charged, and walls and ingot heat up to- 
gether. In that case, the compensating radiation from the walls, 
as in Table 5 of the paper, is not present, and the heat trans- 
mission (for a given flame temperature) is almost directly pro- 
portional to the emissivity of the flame. 

All of the author’s tests were made with cold air. Much better 
results are obtainable if the air can be highly preheated (to 1800 
F or over). As far as concerns luminosity of the fiame, it is use- 
less to preheat the air a small amount, such as 400 to 800 F, 
because this decreases the luminosity below that obtained with 
cold air. The same applies to preheating the gas, because 
methane does not dissociate appreciably below 1400 F, and must 
be heated to 1800 or 2000 F for really rapid cracking. 

Exception must be taken to conclusion 6, that the advantage 
of the luminous flame in glass tanks lies in a more uniform 
distribution of heat transfer. The advantages which would 
accrue from deeper penetration of heat into the glass bath are 
almost self-evident. The reasons why the luminous flame should 
cause radiant heat to penetrate more deeply are by no means 
clear, but that it does so has been shown beyond doubt by tests 
made by the writer and by independent tests made by others. 
In fact, when standing underneath the tank and looking upward 
through the joints of the bottom blocks, one can easily observe 
that the glass at the bottom of a tank working with a luminous 
flame is decidedly hotter than in one with non-luminous flame. 

The fact that the author tested only one type of luminous- 
flame burner may lead to claims that better results would have 
been obtained with other commercial luminous-flame burners. 
While tests of other burners would be very desirable, it seems 
improbable that such claims would be substantiated, since there 
is no essential difference in principle between the various lumin- 
ous-flame burners now on the market. Since the present un- 
certain state of the art—illustrated by the rapidity with which 
some makers shift from one design to another, changing almost 
overnight—indicates that the ideal luminous-flame burner has 
not yet been attained, it may not be amiss to state the require- 
ments which such a burner should fulfil: 

1 It should produce a flame of high emissivity and high 
temperature. This requirement apparently would necessitate 
cracking first and, later, turbulent mixing. The latter is neces- 
sary not only for attaining high temperature, but also for avoiding 
too great an incomplete-combustion loss. 

2 The gas and air should leave the burner with sufficient 
velocity to give direction to the flame. 

3 The emissivity or luminosity should be regulable. 
Present luminous-flame burners often cause trouble when starting 
up from cold, because combustion with a luminous flame is then 
very slow indeed; the furnace smokes excessively and heats 
slowly. If the flame could be made non-luminous when starting 
up, and changed to luminous when the furnace comes up to 
temperature, operation would be much more satisfactory. 
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4 The luminosity should not change greatly with the degree 
of turndown; it should be nearly the same when gas is burned at 
one-third the rated capacity as when it is burned at full capacity. 

5 The action of the burner should not interfere with the 
maintenance of a neutral or reducing gas blanket over the hearth. 

6 The burner should be simple, not too bulky, and so de- 
signed as to avoid burning-off of metal parts, binding of sliding or 
turning parts, or clogging by carbon deposits. 

7 Cracking gas should be kept out of contact with brickwork. 

Additional requirements would no doubt have to be taken into 
account for special applications of the burner. 

In the discussion, the penetration of radiant heat into the 
interior of steel pieces was mentioned as a possibility. The 
calculations of Dr. Northrup have shown, however, that heat 
radiation consisting of the usual wave lengths can penetrate into 
steel, as radiation, only to a depth of the order of 1/20,000 milli- 
meter. Beyond this, heat penetration can, so far as at present 
known, take place only by conduction. 


P. Nicnouus.'° The paper will be very helpful to combustion 
engineers and operators in that it crystallizes one’s ideas on the 
relative action of different types of gas flames. Although what 
the tests show and the author’s deductions are in accordance with 
the general ideas one has had and which follow from first princi- 
ples, yet this confirmation and illustration of their relative nu- 
merical values will enable operators to plan changes with more 
assurance. 

Knowing the difficulties in obtaining true temperatures and 
radiation measurements, one would expect that much more 
work will be needed before assured values for the constants of the 
theoretical equations can be determined exactly, and it is rather 
remarkabie that the agreements were as close as those cited in the 
paper. The definition of flame depth at a given location must 
have been somewhat arbitrary; the uncertainty of the outer 
edge of the flame and the effect of the depth of the cooling cone 
could be quite a large percentage of the nominal value. One 
would expect that a much larger flame would be needed and that 
allowance would have to be made for the variation of the tem- 
perature through the flame. 

The paper makes no attempt to evaluate the effect of the loss 
of heat to the walls or to give the magnitude of this heat transfer, 
nor is there any assurance that it was similar in the various tests. 
When one compares the temperature curves of Fig. 7, it does not 
look logical that the curves for the semi-luminous and the lumi- 
nous flames do not show more tendency to cross that of the non- 
luminous; one would expect that the loss of heat from the 
luminous flame previous to the 11-ft position would have been 
considerably greater than that from the other flames, and that in 
consequence its temperature would have been below those of the 
other two. 

It is to be presumed that the gas-air ratio was the same for all 
the tests shown in Fig. 7. There is some omission in stating 
these ratios for all the tests, and there is uncertainty as to their 
values for Figs. 5 and 6. 

There is need for a better understanding of the relative ad- 
vantage of the type of flame as well as for the methods by which a 
desired type of flame may be obtained and controlled. As the 
author points out, all the advantages do not accrue to one type, 
and therefore a clear understanding of the principles involved is 
necessary in the interpretation of results obtained when experi- 
menting with a given installation. The Bureau of Mines had 
planned to make such studies of the application of gas to brick 
kilns, in the investigations which it was conducting at Roseville, 
Ohio, in cooperation with the Ohio State University. A special 
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experimental kiln was built, and studies of the effect of burner 
placement and of the flame control were two of the main features 
to be investigated, but this work was stopped because of the lack 
of the relatively small additional funds required. 


F. B. McKuneg." It is very evident from the paper that 
facts are now being obtained on these two flames, the luminous 
and the non-luminous. The writer does not wish to enter into 
any discussion on the merits and demerits of the non-luminous 
flame. So far as combustion is concerned, there is no stratified 
combustion so rapid and efficient as where you get turbulence. 
You will understand, of course, that these lighter gases lend 
themselves to turbulence more readily than the highly luminous 
flame. 

We have been using for the last year straight by-product gas, 
and there are no reasons why we should not continue to do so. 
When our blast furnaces are in operation, we also mix blast- 
furnace gas with by-product gas and get good results. 

One very important point in the use of the non-luminous flame 
is the balanced condition of the furnace. We balance our 
furnaces in such a manner that the flame will start out the holes 
in the doors, but return and go back through the furnace. 
If we did not do this, we would find cold spots in different parts 
of the furnace. Another advantage this has is that it does not 
matter what velocity you have coming out of the burner or the 
port; the flame immediately starts to slow up and distribute it- 
self equally through the furnace. This balanced condition of the 
furnace is so important that the successful burning of the by- 
product gas depends on it. 

The writer can very easily see that one could rash up a piece of 
steel much faster with a non-luminous than with a luminous 
flame. He believes from experience that, if you put two pieces of 
steel in different furnaces and use the two different flames and 
watch, if you did not rash up the non-luminous flame too fast, 
your heat transfer would be much faster than with the luminous 
flame. If you properly balanced your furnace, you would have 
an equal distribution of the heat from both flames. 

At present we are running our soaking pits with straight by- 
product gas, with no complaints that this gas is inferior to any 
other gas. 

Three fundamentals about which we are very careful are the 
velocity of gas, the direction of the gas, and the balanced condi- 
tion of the furnace. Any success that we have had is entirely 
due to following the foregoing procedure rigidly. 

The combustion is so complete in our furnaces that we have 
no record of any CO in the outgoing end of the furnaces. 


W.J.Wou.LenserG.'? The paper merits a thorough study and 
contains information that should be of considerable value to the 
industry. It presents in a simple and clear-cut way the relations 
which are involved in radiation from gas flames. It shows also 
how the radiation characteristics of these flames compare with 
the radiation from a dust cloud in which the dust is pulverized 
coal. There is, no doubt, information in this paper which may 
be used to advantage by engineers engaged in the design of 
pulverized-coal furnaces for boilers as well as that which is 
contained relative to the operation of industrial furnaces in which 
gas may be used as a fuel. 

From the engineer’s point of view, the formulas set up to 
express the characteristics of the radiation are perhaps funda- 
mental. From the point of view of the more exact scientist, 
they are of course empirical. The writer is referring in particular 
to the equations in which the specific radiation characteristics of 

11 Steel Company of Canada, Hamilton, Ontario. 


12 Professor of Mechanical Engineering, Sheffield Scientific School, 
Yale University, New Haven, Conn. Mem. A.S.M.E. me F. 
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the flame are really included in the factor K, which appears in the 
product KL as an exponent of e in Equations [1] to [4]. As 
these formulas are set up, K is really a function of the composition 
of the gases, of the concentration of the various constituents, and 
in the case of a dust cloud also of the concentration and mean 
size of the dust particles. For a given composition of the mix- 
ture, K may also vary with the temperature, because for a given 
temperature it will depend on the wave-length bands in which 
the radiation occurs. As the temperature of a gas of given 
composition is changed, the number and position of the bands in 
which an appreciable amount of radiation occurs may change. 
It is therefore not surprising that K varies by the amounts shown 
in Table 3 when the radiation is measured from different parts of 
the furnace for the same flame. Obviously, most of the factors 
which have been mentioned as influencing the specific radiation 
characteristics, and therefore K, may vary from station to station 
in the flame. Therefore it is something of a relief to find out that 
the actor K does not vary with position in the flame more than is 
indicated by the values shown for it in Table 3. 

This information, although perhaps not obtained in an experi- 
ment conducted with the preciseness which would be character- 
istic of work done in a physical laboratory, nevertheless, because 
the data are taken on a mixture of gases rather than on the 
separate constituents, furnishes bench marks of a sort for com- 
parison with a more fundamental type of information on radia- 
tion taken for the separate constituents each by itself, and which 
data are available from such work as Schmidt on the radiation 
from water vapor and the more recent data which have been 
furnished by Schack and also by Hottel and Guerri. The latter 
appeared in the recent book on heat transfer published under the 
auspices of the Heat Transfer Committee of the National Re- 
search Council. In this book appears also some information 
based on theoretical considerations of the radiation from luminous 
flames. It will be very interesting to see how Sherman’s data on 
such flames check with this when the latter is applied to flames 
of the character on which Sherman has carried on his work. 
It still remains to be seen whether, by means of such information 
as is contained in Sherman’s tables, simple expressions can be 
developed to represent the variations of K which would yield 
results, when applied to furnace conditions, close enough to the 
actual conditions so that the results could be applied practically. 

From a practical point of view, some of the curves showing 
variations of temperature along the flame axis for the different 
types of fuel are particularly important. It appears to the 
writer as though the different distribution of energy which is 
indicated for the different types of fuel must be of considerable 
practical significance to the operator of industrial furnaces. 
It is also of considerable importance to the operator of boiler 
furnaces in that by means of such information, if this could be 
extended to the boiler furnace, might be found the zones of high 
and low heat absorption, and this might lead to information on 
how water-cooled surfaces should be distributed for best results. 


AvTHOR’s CLOSURE 


The complete and frank discussion that has resulted from the 
presentation of the paper is greatly appreciated. The interest 
shown proves that the work was timely. 

Mr. Nicholls has called attention to the omission of the values 
for the air ratios on Fig. 7. These were stated in Table 3, but 
will be put on the published figures to avoid any confusion. He 
has also questioned the heat loss from the walls and raised the 
point as to whether they were the same for all tests. The re- 
sistance of the walls was the same for all tests, and the tempera- 
ture attained by the walls was governed only by the rate of heat 
transfer from the flames. This was considered the only fair way 
to conduct the tests. 


Mr. Nicholls questions why the temperature of the luminous 
flame was not much lower than that of the other flames. It was 
lower than that of the non-luminous flame at all points, but it was 
lower at the first two points, not because of its high emissivity 
(the absolute radiation was actually somewhat below that of the 
non-luminous flame), but because of the low rate of heat libera- 
tion. 

Professor Wohlenberg has properly pointed out that this work 
is of the engineering type, and the accuracy can not be expected 
to be equal to that of physical laboratory work. He also has 
emphasized the many variable factors that enter into the absorp- 
tion coefficient K, which explain its lack of constancy. 

Mr. King has asked about the possibility of CO, and H;0 filling 
the diaphragm tube and absorbing radiation from the flame. 
This possibility was foreseen, as trouble was had from this 
source in the calibration of the unit. As the furnace was at all 
times under a pressure less than atmospheric, however, and as the 
joints of the thermopile case were not hermetically sealed, enough 
air flowed in to keep the tube free of absorbing gases. This was 
proved by taking a reading, opening the case to allow air to flow in 
freely, and closing the case; the second reading checked the first. 

Mr. King and others have brought out. the point that, if a 
furnace is cooled down by a cold charge, the rate of heat transfer 
will increase directly as emissivity. That is quite true, and 
review of the text will show that the author limited his conclu- 
sions as to the total radiant-heat transfer to furnaces with walls 
hotter than the work. 

Mr. Flagg discusses this subject in the light of much experience 
with high-temperature heating problems and with all kinds of 
fuel. He points out the truth that efficiency is secondary to 
quality in most heating processes. He has questioned whether 
the inverse-square law may not hold more closely for small 
distances between planes. He will find, however, on consulting 
Hottel’s curves, to which reference was made by the author, 
that the smaller the distance between the planes, the wider the 
departure from the inverse-square law. 

Mr. Flagg speaks of the repeated failure of tests to run an open- 
hearth steel furnace with non-luminous flames. However, an 
outstanding example of success with this type of operation is that 
of Mr. McKune, of the Steel Company of Canada, whose remarks 
speak for themselves. Although it may be more difficult to 
operate an open-hearth furnace with a non-luminous flame, it is 
not impossible. 

Mr. Flagg, Mr. Segeler, and others have insisted that the 
output of a furnace is frequently increased by the use of a lumi- 
nous flame. They do not insist, however, that the output per 
unit of heat input is increased. The author admits that the 
output of product per square foot of hearth may well be increased 
with a luminous flame, but not because of a higher over-all rate of 
heat transfer. On the contrary, the output may be low with a 
non-luminous flame because of an excessive rate of heat transfer 
near the burners which would damage the product. To avoid 
such damage, the heat input must be reduced and the rate of 
transfer at distances from the burner is made very low. With the 
proper luminous flame the heat transfer may be made more 
uniform over the hearth area and the rate of transfer so adjusted 
as to raise the temperature substantially uniformly through the 
work. The increased efficiency in the use of the hearth area will 
obviously increase the hourly output of the furnace and may even 
increase the thermal efficiency. 

Mr. Keller has properly corrected the author in the inexact 
statement that natural gas is the most difficult of the industrial 
gases to crack. He has also pointed out that luminous flames can 
be produced with mixing rather than with complete reliance on 
diffusion. 

The statements in the paper in regard to the application to glass 
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_ tanks were primarily speculation, put in to promote discussion. 
There seems to be no reason in the light of our present theoretical 
knowledge why luminous flames should heat the bottom of-a 
glass tank more readily than non-luminous flames. If, however, 
practise shows that luminous flames are more effective, then 
some parts of our present theories must be incorrect; they 
certainly are far from complete. 

The author has no fault to find with Mr. Keller’s statements of 
the requirements of luminous-flame burners. 

Mr. Segeler questions whether the gases absorb heat before 
combustion at the interface, because he feels that this would 
promote turbulence. The gas must absorb heat before mixing 
with air or there will be no cracking. At any rate, in the com- 
bustion at the interface the gases absorb the liberated heat and 
increase in volume, so that a certain amount of turbulence is 
undoubtedly the result. 

In discussion of the effect of temperature on the rate of com- 
bustion, Mr. Segeler refers to Fig. 30 of the American Gas 
Association book, ‘“Combustion,’”’ where the relation between the 
maximum velocity of flame propagation V to the absolute temper- 
ature 7’ is expressed as V = BT?, where B is a constant. That 
refers, however, to premixed gases; when, and if, combustion 
occurs only when the gases diffuse together, the rate is governed 
by the rate of diffusion, which is slow relative to the rate of 
combustion. Taylor, in his “Treatise on Physical Chemistry,” 
states that the diffusion coefficient for gases is proportional 
approximately to 7*/2._ Burke and Schumann made some rough 
experiments on the effect of temperature on the length of “diffu- 
sion” flames, but arrived at no definite conclusion. 

Mr. Segeler believes there is some doubt as to the application of 
the author’s results because of the type of furnace. He states 
that there is a relation between pressure drop and heat transfer, 
which is true for convection, and that therefore the ratio of the 
flue area to the heat input affected the heat transfer. The 
connection between the pressure drop or flue area to the radiant- 
heat transfer would need further amplification by the discusser 
for a conception of its significance by the author. 
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Mr. Jones has questioned the relation of the furnace shape » 
the possible turbulence of the flame and has suggested a rec-_ 
tangular furnace. The author feels that the furnace was the 
proper shape to conform to the round burner. 

Mr. Jones states that there is a distinct difference between 
luminous and diffusion flames, but in his extended discussion of 
diffusion, delayed combustion, and various types of energy waves 
he fails to make the distinction clear. 

The inference is made that a luminous flame radiates only in the 
narrow visible band, below 0.7, as shown in Fig. 8, whereas a 
diffusion flame radiates over the entire band. This is obviously | 
untrue. There can be no visible radiation without simultaneous 
infra-red radiation; cold light has not yet been discovered. 

Actually what the author believes Mr. Jones meant to convey 
was (1) that luminous flames do not necessarily have high emis- 
sivities and (2) that diffusion flames and only diffusion flames 
have high emissivities. The first statement is entirely ae, 
as has been proved by the experimental data of this paper. — 
The second statement, however, is incorrect. As Mr. Keller 
pointed out in his discussion, flames of high emissivity can be 
obtained with mixing, and such flames are highly desirable, as 
they can be given direction in the furnace. All flames, including 
those used in the present experiments, in which the gas and air 
are introduced in separate streams without later provision in the 
furnace for turbulence, must depend to a certain extent on diffu- 
sion for combustion. Diffusion is only the mechanism of mixing 
of gas and air and is a form of slow mixing and delayed combus- 
tion; it has nothing to do with radiant-heat transfer. A diffusion 
flame may be strongly luminous or semi-luminous; it may have : a 
high or a low radiation and emissivity. 

The merits of luminous flames are clearly enough defined and | 
are great enough for certain applications to stand on the deter-— 
mined facts without an attempt to attribute to them properties © 
they do not possess or to interject fine distinctions in terminology — 
that are not supported by the facts. It is the earnest hope of the . 
author that the statement of facts in this paper and the discussion 7 
will result in clarification of the subject. 
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The early history of the Zap development is covered, in- 
cluding work done on the Flettner rotor plane in 1928. 
Because of phenomenal lift obtained by changes in flow 
around a cylinder, investigations were begun on improving 
existing airfoils. This led to preliminary work on flapped 
airfoils in the tunnel of New York University, and later its 
application to an Aristocrat cabin monoplane presented to 
the B/J Aircraft Corporation early in 1932. A chronological 
record of the reactions of the personnel of the B/J organi- 
zation to the Zap development is set forth, particularly 
the questions regarding lift and drag coefficients, effect 
upon stability and balance, and the operating forces neces- 
sary to get the flaps down. The effectiveness of lateral 
control, particularly with regard to hinge moments and 
whether the rolling moments were obtained primarily 
through spoiler action or positive lift increases and the 
relative percentage of spoiler rolling moments to positive 
rolling moments, is also included. Comparative data of 
forces and lift and drag coefficients of several types of flaps 
are given, with a discussion of the relative practical results. 
There is a discussion of the practical flying problems in 
which engineers and pilots are interested, including the 
effect upon landing and take-off, reactions in a stall, and 
lateral control below minimum flying speed, as well as the 
anti-spinning characteristics which have been displayed 
in actual flight tests. 


OR THE last five or six years, the demand on the part of 
K operators for increased high speed has forced designers prac- 

tically to disregard the importance of the steadily increas- 
ing landing speeds of aircraft. During the same period there has 
been another influence that has allowed us to still further neglect 
this factor. It is the fact that modern engines are so reliable 
and forced landings occur. so seldom that their importance bas 


1 President, B/J Aircraft Corporation. Temple N. Joyce was 
born in Baltimore, Md., on June 27, 1895. He was educated at 
Baltimore Polytechnic Institute and Lehigh University. He was 
sales engineer for Truscon Steel Company, of Baltimore, 1915- 
1916. Applied to Signal Corps for aviation training immediately 
after declaration of war and was ordered to active duty in May, 1917, 
receiving commission as first lieutenant and being ordered overseas 
in November, 1917. At Issoudun, France, was ordered to test de- 
partment. Received promotion as captain in January, 1919, and 
last position held at Issoudun was that of assistant chief test pilot. 
From 1919 to 1925, represented Societe Morane Saulnier in United 
States and South America, contracting to the United States Army 
and Navy, Mexico, Argentine, Brazil, and Peru. Entered the em- 
ploy of the Curtiss Company in 1925 and was Washington representa- 
tive until 1927. Sales Manager for Chance-Vought Corporation in 
1927 and 1928. Organized the Berliner-Joyce Aircraft Corporation 
in 1928-1929 with Henry Berliner, becoming vice-president in charge 
of sales. With the acquisition of Berliner-Joyce Aircraft Corporation 
by North American Aviation, Inc., in June, 1930, was made vice- 
president and general manager of the newly formed B/J Aircraft 
Corporation. On May 2, 1932, was elected president of the B/J 
Aircraft Corporation, and so served until early in 1933, when North 
American Aviation acquired, through General Motors Corporation, 
the General Aviation Manufacturing Corporation. In June, 1933, 
was made executive vice-president and general manager of the latter, 
supervising consolidation of operations of both companies. 

Contributed by the Aeronautic Division and presented at the Semi- 
Annual Meeting, Chicago, Ill., June 26 to July 1, 1933, of Tue 
AMERICAN SocieTY OF MECHANICAL ENGINEERS. 

Norge: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


Zap Flaps and Ailerons 


By TEMPLE N. JOYCE,' DUNDALK, BALTIMORE, MD. 


been looked upon with more or less contempt. This was par- 
ticularly true during the boom days when everybody was using 
a new engine and when landing speeds were thought of only in 
terms of getting into recognized airports. Three things have 
occurred since then, however, that have again brought to the 
front the importance of low landing speed: First, a very distinct 
realization that the public was afraid of aviation because of high 
stalling speeds and the frequent crack-ups with serious conse- 
quences. Second, the fact that increased high speeds could not 
be obtained without increasing still further high landing speeds 
unless some new aerodynamic development was brought into 
existence. Third, as speed ranges and wing loadings went up, 
takeoff run was increased and angle of climb decreased alarm- 
ingly. 

The Zap development is a successful effort to reduce landing 
speeds without impairing high speed and thereby to bring about 
the best overall increase in the efficiency of an airplane with the 
least added complications. Experimental work on the Zap 
flap was stimulated by investigations on a Flettner rotor airplane 
by Mr. Edward F. Zaparka, through the support of the Chrysler 
Corporation. Because of high lift reactions obtained by the 
change in flow around a cylinder, the research drifted to a prac- 
tical investigation of the problem of influencing the flow around 
an airfoil. The first work was done in a miniature tunnel and 
was supplemented by larger scale work in the New York Uni- 
versity tunnel under the able consultation of Professor Klemin. 
Subsequently, the flap was installed on a commercial Aristocrat 
cabin airplane of 165 hp, and flight tests proved that the flap was 
very effective. These also showed that though lift increases 
were essential for slow-speed landings, almost equally important 
was the question of lateral control; Zap ailerons were the result. 

In the Spring of 1932, the Aristocrat with Zap flaps and ailerons 
was presented to the B/J Aircraft Corporation. The author will 
outline here chronologically the questions and answers that were 
made and the reactions that he had to the Zap development, be- 
cause in so doing most of the questions that one would ask regard- 
ing Zap flaps and ailerons will be answered. 

Our first impression at the B/J plant when we were told that a 
plane was to be sent down was that it was just another flap air- 
plane and that it would be a waste of time to look it over, particu- 
larly because, to our best knowledge, lift coefficients of 0.0044 
engineering units were the maximum that could be expected on a 
simple flap applied to a Clark-Y airfoil. When the airplane 
arrived at our field, it was observed that it had a split flap and 
that the ailerons were placed above the wing. This caused con- 
siderable apprehension, as it was felt that the ailerons in such a 
position would surely be blanketed when the plane was brought to 
a stall, and would not only be inadequate but dangerous. The 
author was quite reluctant to fly the machine at first, but finally 
did so, with the expectation of finding that the ailerons would be 
completely ineffective at 10 to 15 miles above the stalling speed 
of the airplane. Much to our surprise, they were found to be 
very effective down to and below the stall of the airplane with 
flaps up, and materially improved when the flaps were down. 
After a very short flight, the plane was brought down, with the 
conviction that it was a bad example of an airplane, but that the 
flaps and Zap ailerons almost made it a reasonable vehicle. The 
next step was to investigate the wind-tunnel data which had been 
carried out by New York University. The results shown in 
the data presented by Mr. Zaparka were extremely interesting, 
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and the B/J company requested models from New York Uni- 
versity, with the idea of checking them in its own tunnel. This 
was done, and the results of New York University as to lift and 
drag coefficients were substantiated. 

The B/J company had always been interested in slots and flaps, 
and the Zap development fell into sympathetic hands. We had 
always felt that the success of slow flying, regardless of how it was 
obtained, whether with slots and flaps, boundary layer control, 
or any other means, was dependent upon adequate control at the 
reduced low speeds. When it was found that an adequate slow- 
speed lateral-control device was in existence and at the same time 
did not impair the utilization of the whole span of the wing to 
obtain maximum lift increases, our enthusiasm for the Zap com- 
bination of flap and ailerons was intensified. In previous designs 
of a simple flap, as stated before, it was known that the maximum 
lift coefficients did not exceed 0.0044, and when the split flap pre- 
sented possibilities of 0.0065, an explanation of the theory became 
necessary. It might be of interest to theorize on what actually 
takes place in a split-flapped airfoil. With a normal wing, when 
the simple flap constitutes an actual break in the contour of the 
upper surface, the increase in lift is primarily due to change in 
camber, and there is no reaction due to increase of chord or 
change in flow over the top surfaces other than that which would 
normally be expected from increasing the camber. With a 
split-type flap, where the contour of the upper surface of the air- 
foil is preserved intact, the increase in lift can be divided into 
three possible heads: First, increase in camber of the bottom 
surface, which naturally stimulates the flow over the top surface; 
second, the preservation of the upper surface with the same chord 
and possibly an increase with certain types of flap movement; 
and, third, a change in flow over the upper surface brought about 
by the fact that the split trailing edge and undisturbed upper 
contour create a combination which causes a further increase 
in flow over the wing. In the illustrations, the flow reactions 
back of a simple flap versus the split flap will be seen, and also 
the effects of moving the trailing edge of the flap forward along 
the chord. Whether the additional increase in flow over the top 
of the wing referred to is due to the presence of an area of depres- 
sion at the trailing edge of the wing caused by the split flap or 
whether it is due to the displacing of the reversal flow away from 
the trailing edge so that the bottom surface flow unites with the 
upper surface flow with less detrimental vortices, is a matter for 
the theoretical aerodynamicists to thrash out. It is a fact, how- 
ever, that as the flap is moved forward so that the phenomenon, 
whatever it might be, is taken away from its influence at the 
trailing edge, there is an appreciable loss in maximum lift and is 
best when the trailing edge of the fiap is approximately below the 
trailing edge of the wing, as is the case of the Zap arrangement. 
Some very interesting data on lift increase devices have been pre- 
pared and published by Mr. Richard M. Mock. 

With this explanation, the next question was why the airplane 
did not require greater changes in the horizontal stabilizer to 
take care of flap up and flap down positions. In Fig. 2 is shown 
the change in center of pressure brought about by the use of this 
particular flap movement on an airfoil and the consequence of 
moving the trailing edge of the flap fore and aft. In an airplane 
with flaps, the center of pressure travel and effect of changes in 
angle of downwash must be taken into consideration, and in most 
cases with the Zap it has a favorable reaction. In Figs. 3, 3A, 
3B, and 3C, pitching moments of a conventional naval biplane 
equipped with Zap flaps and ailerons are shown. Figs. 3D, 3E, 
and 3F give pitching-moment coefficients for an airfoil, while in 
Figs. 4 and 4A, the pitching moments of a conventional Zap- 
equipped monoplane are shown. The net result is that the 
balance and stability is undisturbed, and increases in tail area 


or abnormal stabilizer adjustments are not necessary. 7 
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The next point of interest, stimulated by the flights of the 
Aristocrat, was the extremely low operating forces necessary to 
move the flap down. With a simple flap of the type used on the 
Breguet observation airplanes in France as early as 1917, the 
forces necessary to get the flap down were excessive, so much so 
that the flap could only be deflected approximately 30 deg when 
usable operating forces and time to operate are taken into con- 
sideration. Even if it were deflected to greater angles, the lift 
coefficients would still be below that of the Zap. (Reference is 
made to the N.A.C.A. Technical Report No. 422, from which 
curves on Fig. 5 are interpolated.) 

With the straight type of split flap, such as the Wright, where 
the leading edge of the flap is a fixed hinge, the operating forces 
are compelled to work against the full aerodynamic load. If 
the mechanism is of cantilever construction, the forces are pro- 
hibitive. If it is of a toggle arrangement, which would have to 
be some modification of the Zap toggle, without the beneficial 
effect of the sliding front edge, there again the forces are ex- 
tremely high and particularly excessive at small angles of flap 
opening. These forces diminish after the flap has caused suf- 
ficient drag to slow the plane a great amount. (See Fig. 6, show- 
ing relative loads of Zaps versus straight flap for same angles.) 
The hypothetical airplane we used in arriving at these figures had 
a wing area of 309 sq ft, 48 ft 8 in. span, 83-in. chord, Clark-Y 
airfoil, gross weight of 4600 lb, wing loading of 14.8 lb, power 


Fie. 13 


loading of 10.8 lb, and maximum speed of 150 mph. The flap 
area for both the Zap and simple flap was 30 per cent of the total 
area and the flap chord 30 per cent of the wing chord. The total 
span of flap was 45 ft and total area of flap 93.8 sq ft. Two 
calculations of forces were made for the simple flap, one a maxi- 
mum angle of 60 deg and the other a maximum angle of 45 deg. 
The mechanism for operating the simple flap was the most ef- 
ficient in our opinion, and the geometry chosen seems to be the 
one requiring the smallest effort on the operating crank handle. 
The Zap-flap geometry and operating mechanism are approxi- 
mately the same as those developed by the B/J company when 
Zaps were supplied to the XOJ-1 observation airplane for the 
Navy. A photograph of the XOJ mechanism is shown in Fig. 13, 
while Fig. 1 shows a schematic view of the Zap toggle mecha- 
nism. 

When a comparison of lift coefficients is made, it is seen that 
even though it were practical, from an operating force standpoint, 
to get the straight hinged flap down to 60-deg angles, in order to 
obtain the benefit of large drag, the lift would be materially less 
than the Zap flap, and in fact less than its own 45-deg position. 
(See polar curves, Fig. 7.) 

With the Zap type of toggle arrangement, wherein the leading 
edge of the flap slides back and the toggle is concealed in the wing 
in such a manner that one end of it is located close to the center 
of pressure of the flap and the other fastened to the structure at 
the top of the rib, it can be seen from Fig. 6 that the number of 
turns on the operating crank and the forces necessary are ex- 
tremely low; in fact, with certain types of airfoils, permitting a 
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more favorable geometry of the flap linkage, it will be possible to 
have actual opening forces. 

This phase of the Zap mechanism is extremely important when 
it is realized that light operating forces have two very important 
results: First, in that the weight of the operating mechanism 
can be considerably less, and second, even more important, the 
fact that in an emergency landing it enables the pilot to get the 
flap down quickly. In an existing monoplane which has recently 
been flown in the United States, a straight hinged flap is utilized 
in conjunction with Zap ailerons for lateral control, and the oper- 
ating forces are so great as to require 45 turns to get the flap down 
to 45 deg with a lift increase of only 35 per cent. It can be seen 
in Figs. 7 and 8 that the maximum lift coefficients of the Zap 
flap at 60 deg is 0.00615, and also from Fig. 7 that the straight 
hinged flap has only a maximum lift of 0.00545. These curves 
were developed by interpolating the data in the N.A.C.A. Report 
No. 422, because this report did not test the best Zap flap posi- 
tion, but took two flaps on either side of its general location. It 
must be borne in mind, however, that the angular movement of 
the flap and the lift coefficients obtainable are intimately con- 
nected with the practical results that can be obtained and which 
of course depend upon the operating forces and the time required 
to get the flap into action at maximum lift. In Figs. 8A and 8B 


are shown the lift coefficients for a staggered biplane with the dif- 
ferent flap settings on upper and lower wings necessitated by the 
stagger. Figs. 8C and 8D show wing and flap arrangement. 


Fig. 14 


During the explanation to the engineers of the B/J company 
and the Zap Corporation when the Aristocrat was first brought to 
our plant, the discussion of the phenomena surrounding Zap 
ailerons became quite intense. It had been noted that the aile- 
rons were effective at or near the stall and greatly improved when 
the flaps were in operation. It was disclosed that the ailerons 
have a material effect upon the downwash of the wing, and in view 
of the fact that the flow over the top surfaces is increased by the 
presence of the split flap at the trailing edge, the ailerons are actu- 
ally operating in a stimulated flow when the flap is down. These 
facts were substantiated later when it was found that the ailerons 
were at their best efficiency when relatively very close to the wing 
and diminished at a substantial rate when placed too far forward 
of the trailing edge and too far away in a vertical direction. The 
original rolling-moment curves presented by the Zap Corporation 
only represented meager researches as to the proper vertical and 
fore-and-aft position, aileron-airfoil section, aspect ratio, etc., 
but the data that were available indicated that the control at low 
speeds would be excellent. It will be noted in comparing the 
values of rolling and yawing moments of Fig. 9 that the plain 
Zap ailerons are approximately equal to the conventional ailerons 
of the same area. Subsequent tests and present research with 
modified slotted Zap ailerons show increased rolling moments 
with considerably lower hinge forces, which are now regarded as 
not only being equal to but in some instances are superior to con- 

nction with unflapped 


The B/J company was very much interested in determining 
just how much rolling moment the Zap ailerons were capable of 
producing, how much of this was due to lift increase, and how 
much to spoiler in contrast with conventional ailerons. In order 
to determine this, our first tests consisted of an 8-in. by 48-in. 
airfoil on which a Zap aileron was superimposed throughout the 
span with the idea of determining the actual flow phenomena that 
took place when the ailerons were deflected through positive and 
negative angles. It was found that when the ailerons were sus- 
pended independently of the wing and were deflected through 
positive angles, there was a large increase in lift induced in the 
major airfoil as well as the lift created by the aileron itself due 
to its own airfoil action. On Figs. 10, 10A, 10B, and 10C are 
some of the results of these tests with the 8-in. by 48-in. airfoil 
showing the lift increases with positive angle and its spoiler action 
due to negative angles, as well as the drag increases or decreases. 
In these figures the drag of these auxiliary airfoils across the entire 
span for various angles of attack of the main airfoil is also shown. 
This increase in drag will be in the nature of approximately 1 per 
cent loss in speed of the airplane when the ailerons cover 50 per 
cent of the semi-span. In the application of the Zap ailerons to 
a conventional Navy biplane, shown in Fig. 14, where there was 
no particular attempt made to have a clean installation, the loss 
in speed was 1 per cent plus. There is additional research now 
being done on this type of aileron to absolutely determine the 
optimum fore-and-aft position and the best combinations of this 
with vertical location as well as the proper airfoil shape, the cor- 
rect aspect ratio, the best shape of wing tip, and the proper rela- 
tion of aileron chord to main airfoil chord. In Fig. 11 the hinge 
moments of a straight Zap aileron are shown, which indicates 
that for high-speed airplanes there will be excessive stick forces 
(but which are quite practical on slow planes of the private class). 
It is interesting to compare the hinge moments of the conventional 
unbalanced aileron, plain Zap, and slotted Zap ailerons in Figs. 
ll and 11A. All Zap ailerons are quite sensitive to vertical and 
horizontal location, depending to some extent on the wing section, 
and their neutral setting is most important. The slot of the 
aileron is quite different from that which is used on a wing due 
to its proximity to the wing upper surface, and its form and setting 
must be carefully determined. In Fig. 12 is shown the effect of 
placing the aileron in several fore-and-aft positions on the forward 
part of the wing as compared to the best position ascertained so 
far by us. 

It might be interesting to bring out the following facts to dif- 
ferentiate between the Zap ailerons and the conventional and 
floating types. Previous to the development of the Zap aileron, 
any attempt to use a trailing-edge flap was immediately handi- 
capped by the fact that from one-half to two-thirds of the span 
was used for lateral control, thereby diminishing the available 
maximum lift increase. When evaluating their respective merits 
with any type of lateral control, there are two conditions of flight 
that must be considered: control above the stall and control 
below the stall. With the conventional aileron, if the plane is 
approaching a landing in a glide above the stall but very close 
to the maximum lift, and a wing is unavoidably dropped, when 
the aileron is moved to a positive angle with the idea of picking 
up the low wing, several conditions are to be observed. Any 
small deflection of the aileron is reflected in a change in the lift 
on the major airfoil. This is of distinct advantage, because small 
aileron surfaces can be made to produce a rather substantial roll- 
ing moment by influencing the flow over the major airfoil. The 
conventional aileron, however, is at a disadvantage in that a large 
movement of the aileron might create a resultant angle of attack 
that would be beyond the critical angle and cause the wing to 
stall and further accentuate the dropped-wing condition. Simul- 
taneously with this, due to the unfavorable yawing moment, 
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In the condition where the air- 
plane is approaching the ground, 
close to the point of maximum 
lift, but with floating aileron, if 
the wing is inadvertently dropped 
a positive deflection of the float- 
ing aileron will create an increase 
in lift, but only an amount equal 
to the lift generated by an airfoil 
of that particular aileron area 
and section at that particular 
angle of attack. There would 
be no induced flow over the sur- 


face of the major wing. In de- 
signing such an aileron, this 
would have to be taken into 


consideration, and the aileron 
would have to be quite large so 
as to produce within itself a 
practical rolling moment at the 
reduced speed of flight brought 
about by the use of flaps or any 
other slow-speed device. The 
resultant aileron, by reason of its 
size, would then present very 
difficult structural features, as 
well as added weight and drag. 
This type of aileron naturally 
would have no bad effect of ag- 
gravating the stalled attitude of 
the dropped wing either when 
the airplane was coming in 
slightly above the stall or be- 
yond and would have. still 
further the advantage, by rea- 
son of the angle of its lift vector, 
of a favorable yawing moment 
that would tend to pull the low 
wing forward and increase its 
velocity and consequently its lift. 

With the Zap aileron, the first 
reaction is that it is just another 
airfoil suspended above the wing, 
of which there have been numer- 
ous designs in the past. The 
original Curtisstype wasmounted 
at a considerable distance from 
either surface of the wing, and 
through its angular movements 
produced a workable rolling mo- 
ment. These ailerons went out 
of existence because of the fact 
that they were inefficient. They 
induced no increase in lift over 
the major airfoil sections, and if 
they were large enough to pro- 
duce a usable rolling moment, 
their drag, mechanism, and struc- 
tural features were decidedly ob- 
jectionable. 


the wing tends to rotate backward and still further decreases the 
lift with the possibility of entering a spin. 
movement of the aileron only aggravates the stalled condition 
from a standpoint of flow over the major airfoil and at the same 
time induces further unfavorable yawing. 

We will compare this with the floating aileron and later the Zap. 
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The Zap aileron, satis of its proximity to the upper surface 
of the wing, naturally affects the flow over the top surface. 
Analyzing the several conditions, as was done in the case of the 
conventional floating ailerons, we find that if the airplane is 
being brought in close to the point of maximum lift and the wing 
is inadvertently dropped with a positive movement of the Zap 
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(This table was compiled by Richard M. Mock and was published in Aviution, May and July, 1933. The Rey- 
nolds number for all taste is 609,000, which corresponds to about one-third that for an ordinary smail airplane at 


landing speed (T.R. 400). © In comparing properties of modified sections with the plain basic section, the coef- 
ficients used in each case were obtained under similar test conditions. Drag coefficients were taken with slot 
closed (if movable) and with flap neutral. @ A low value of L/D at maximum lift indicates a steep glide angle 
and consequently a short landing. An ry of 8 corresponds to a gliding angle of approximately 7 deg, and a value 
of 3.5 means about 16 deg (T.R. 428). Based on total wing area; lift-increasing device extended and projected 
on original chord line. Actually this area is structural area necessa 
the simple flap. @ With slat and flap retracted, the airfoil is not 
pared with 0.0156 for the plain airfoil. 
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riect, having a drag coefficient of 0.0182 com- 
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aileron, there is not only created a rolling moment by the increase 
in lift on the aileron acting as an airfoil section alone, but there 
is also an induced lift on the major airfoil, together with a yaw- 
ing moment that is slightly less than the conventional aileron. 
(See Fig. 9.) At or below the minimum flying speed at which an 
unflapped airplane can fly, by reason of the fact that the Zap 
ailerons are used in conjunction with Zap flaps, the aileron is 
actually operating in an area of stimulated flow, and consequently 
produces favorable rolling moments at speeds far below the speed 
at which a conventional-wing airplane can be controlled with 
Frise or floating types. Even without the effect of stimulated 
flow due to the flap, the ailerons produce rolling moments com- 
parable with conventional ailerons per unit of area. It must 
again be borne in mind that conventional ailerons cannot be 
used efficiently with flaps located across the entire span of the 
wing by reason of the fact that they would be blanketed by the 
flap. If they are used, the flap can only occupy the inner portion 
of the span. At the reduced flying speed accomplished with the 
aid of any slow-speed device which is below that of the minimum 
flying speed of an airplane without flaps, the conventional aileron 
is all the more ineffective by reason of the fact that it is operating 
in a reduced flow of air, whose velocity is equal to that of the plane 
and not the stimulated flow over the top surface, as is the case 
with the Zap type. This penalty also applies to floating ailerons, 
which, however, do have the overall advantage of permitting the 
utilization of the whole trailing edge for flap. Preliminary in- 
vestigation indicates that Zap ailerons will also be quite inter- 
esting in any slot and flap application in the future. 

At this point there might be given some of the practical reac- 
tions had in flying Zap-equipped airplanes. There is no doubt 
that reduced minimum speed, with adequate lateral control and 
good inherent stability, will materially lessen the fatal crashes in 
aviation. In the majority of instances, fatal crashes occur from 
flying too slowly or gliding into a forced landing immediately 
after motor failure. The loss in lift at a speed just below the 
minimum naturally causes the airplane to mush, with a conse- 
quent increase in the resultant angle of attack, which, when be- 
yond the critical angle, results in a critical loss in lift and alti- 
tude. The reason for flying slowly is brought about by the fact 
that the pilot is forced to do so in order to get into a given air- 
drome over surrounding obstacles. Realizing that the modern 
airplane glides so flat and so fast, as is becoming more evident 
each day with the cleaning up of designs and increasing of wing 
loadings, and in attempting to consume the smallest possible 
amount of airdrome while in the glide, and also after leveling out, 
the pilot invariably brings the plane in as close to the point of 
maximum lift as he feels that he is capable of doing—and the 
better the pilot, the more likely he is to feel that he can play 
close around the stall point. If a sudden gust or if inattention 
on the part of the pilot inadvertently brings the flight attitude 
over the critical angle, a crash is likely to result, and the impact 
with the ground must be very close to the minimum flying speed 
of the ship, which, as assumed, is already very high. The pilot 
cannot put his nose down after coming in over an obstacle and 
pursue a steep angular path to the ground at a safer angle of 
attack because of the large pick-up in flying speed. This in- 
crease in speed would prolong the path of flight tangential to 
the ground, which almost invariably results in a high-speed two- 
point landing. With a Zap-equipped airplane, it is not necessary 
for the pilot to bring the airplane in close to the point of maximum 
lift, as far as excessive utilization of the airdrome is concerned. 
The Zap-equipped airplane, because of its high lift and drag, 
can be brought in along a flight path that is so steep as to permit 
only a small utilization of available airdrome distance. Even 
when the nose is put down at a 45- to 50-deg angle, the increase in 
speed is small, and when the airplane is leveled out, the drag 
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causes it to decelerate very rapidly and the high lift permits a 
slow minimum speed when it drops on the ground. It might be 
pointed out that the steep approach to the ground is a disad- 
vantage from a standpoint of the technique required in landing. 
This would be admitted if it were not for the fact that the in- 
creased lift permits a speed along the flight path so materially 
reduced that from actual experience there have been no adverse 
comments by pilots. There have been instances of airplanes 
being equipped with airbrakes, but without the necessary in- 
creases in lift. The result has been that, as the airplane must be 
dived at the ground at a sharp angle and at an unreduced mini- 
mum speed, the rate of descent is so great as to be quite discon- 
certing. The reaction is caused by the necessary sharp flaring 
action close to the ground and the short time interval, aggra- 
vated by the high vertical velocity. With the modern airplane 
whose cleanness has gone so far beyond the airplane of several 
years ago, the addition of the drag imposed by a flap does nothing 
more than bring the gliding angle back to what we were accus- 
tomed to and eliminates the bad floating characteristics. If an 
airplane were infinitely dirty from a drag standpoint and had a 
high wing loading and flaps in addition, it would be conceivable 
that the airplane would have to be dived at the ground at a 50- 
to 60-deg angle, and the transition from this attitude to the 12- to 
15-deg angle of attack for landing would quite complicate the 
technique of landing. 

Here we come to the problem that is often advanced by the 
automatic-landing proponents. It is the author’s opinion that 
flying will not reach popular enthusiasm sufficiently to warrant 
a large industry until the human element of flying has been re- 
duced far beyond what it is today. The place where the great- 
est human judgment is necessary is in that transition which takes 
place when the airplane comes in at a given negative angle in a 
glide and must be leveled off with the angular attitude changing 
to 12 to 15 deg positive. It would be most desirable to build 
an airplane in which the pilot could wind a crank adjustment to 
a point where an indicator would designate “landing attitude,”’ 
pull back his throttle, and let the airplane do the rest. There 
are certain things, however, which make this difficult at this time, 
and under certain commercial operating conditions, they will be 
difficult to meet in the future. This is qualified, however, by con- 
sidering only existing practical high-lift devices. Rates of de- 
scent beyond 12 to 15 ft a second are going to be difficult to take 
care of except in a very awkward type of landing gear. A rate 
of descent of 12 ft a second at or near maximum lift can only 
be accomplished at the present time with a lightly loaded airplane 
of clean lines and with flaps or with slots and flaps. As the wing 
loading is increased, the velocity along any given flight path very 
adversely affects the rate of descent, and the total overall L/D of 
the airplane with retracted flaps must be very good in order not 
to have too steep an angular gliding attitude for the particular 
wing loading. With a lightly wing-loaded airplane, somewhere 
under 10 to 12 |b per sq ft, and a good L/D, it is perfectly possible 
today to build a private or sport-type airplane with Zap flaps 
that could be mushed into a landing without the necessity of the 
pilot redressing by touching the controls. When we get into the 
commercial transport field where high wing loadings are impera- 
tive from a standpoint of speed and pay-load efficiency, it will be 
essential that the pilot use quite an amount of judgment in ap- . 
proaching the ground and in the following leveling off for landing. 
This condition will continue, in my opinion, until such time as 
we are able to create much higher lift coefficients than are prac- 
tical today. 

In closing it might be added that as one becomes more experi- 
enced with flap airplanes, he arrives at the conclusion that the 
ability to raise and lower the flap quickly is almost as important 
as lateral control, particularly under forced-landing conditions. 
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In a number of practise forced landings, it has been found that it 
becomes necessary to alternately lower and raise the flaps to 
compensate for errors in judgment of gliding angle. 

The importance of this can hardly be appreciated until one 
has attempted a forced landing under several varying wind condi- 
tions. For instance, when approaching a landing field under 
forced conditions, the flap is lowered and half way down in the 
glide it is discovered that the wind is blowing quite rapidly and 
the plane will not make the field, it is extremely desirable to be 
able to wind the flaps up very quickly, pick up speed, and extend 
the gliding angle until it is assured that the field can be made with 
safety. 

By the time this decision has been reached, the airplane 
in most cases is at a very low altitude right over the edge of the 
field, and therefore the flap must be brought into action again 
very rapidly. It can be seen that a flap requiring a high operat- 
ing force, necessitating too many turns of the handle, is quite 
impractical for anything other than landings on normal airdromes 
with full control of the engine and where there is ample time, and 
such a flap would be actually dangerous under forced-landing 
conditions. 

Many engineers have asked about the spinning characteristics 
of Zap flaps, and in a recent controversy in one of the interna- 
tional aviation magazines a correspondent has claimed that the 
split flap should have very undesirable spinning characteristics. 
There are two things to offset this impression: First, the rela- 
tion between drag and the slope of the lift curve is very favorable; 
and second, in the B/J company’s XOJ biplane on which flaps 
were installed, it was absolutely impossible to spin the airplane 
either with power on or off, even when the center of gravity loca- 
tion was 4 per cent farther back than the plane was designed for. 
In a normal stall there is no particular tendency for the plane to 
rotate in either direction, and the nose merely drops forward until 
the plane has picked up speed. 

In this connection it is interesting to compare the difference 
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between the acute stalling of a Zap-equipped airplane of 12 or 13 
lb wing loading and that of an airplane of straight airfoil section 
with the same wing loading. When the latter type is acutely 
stalled, where the landing speed is around 55 to 60 mph, there is 
a resultant dive from which the pilot does not attempt to recover 
until the airplane has reached a speed of at least 70 to 80 mph. 
Because of the attitude of the plane in the downward plunge and 
the relatively horizontal attitude of the lift vector whose vertical 
component necessary to overcome the force of gravity is relatively 
small, the airplane must be allowed to traverse a considerable 
vertical distance in order that the lift vector may be acting ef- 
ficiently in overcoming gravity. Any attempt to pull the plane 
out previous to this time is more or less injudicious, because the 
inertia of the plane at the speed of 70 to 80 mph is so great as to 
cause a mushing action, with a resultant angle of attack that 
might again put the airplane into a spin. Those who have seen 
the training that went on during the war in JN-4’s realize exactly 
what this means, because time and again students have been seen 
to spin for several hundred feet, stop the rotation, enter a dive, 
and immediately.go into a spin from the dive in the opposite 
direction. With a lightly loaded airplane, say of 5 to 6 lb per 
sq ft, which means a flying speed of approximately 40 mph, in 
a similar stall, the airplane can be pulled out of its dive at 20 to 30 
mph less speed than under the first condition, simply because the 
inertia is reduced as the difference between the square of two 
velocities, and being so much less the airplane can be brought to 
a level flying attitude with a considerable reduction in vertical 
descent. Because a flapped airplane also flies at a reduced rate, 
the inertia forces are consequently less, and therefore a stall is 
less dangerous when close to the ground, as it acts similar to the 
light-wing-loaded type. 

There is a mass of additional data of a specific nature that might 
have been included, and the author will be very glad to furnish 
this to those engineers who are further interested in the applica- 
tion of Zap flaps and ailerons to their particular designs. 
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Thermal 


By G. A. 


Turbine and plant heat rates obtainable in large modern 
power plants are compared over a wide range of the pres- 
sure-temperature-cycle realm. These results were esti- 
mated from heat balances based on typical expansion 
lines for 30,000-kw turbines, which size was deemed suf- 
ficiently representative to draw rather general conclusions 
regarding large units. Cost estimates are not included, 
but the results are given in a form readily adaptable to the 
needs of those making economic comparisons. To this 
end, plant heat rates are given for estimating the rate of 
use of fuel, and turbine heat rates with supplementary data 
for estimating the size, and hence the cost, of the various 
equipment in a plant. The difference between turbine 


URING the last 10 years the 
1B) efforts of steam-power engineers 
to lower plant heat rates has 
prompted an intensive study of the rela- 
tive efficiencies of available power cycles, 
and this in turn has brought forth a 
number of valuable papers* on both the 
thermal and economic factors of the 
problem. Early in this period The 
Detroit Edison Company, recognizing 
the need for an exchange of ideas on a 
national scale, sponsored the paper by 
C. F. Hirshfeld and F. O. Ellenwood 
on “High Pressure, Reheating, and Re- 
generating for Steam Power Plants.”* That paper and others 
published then and later embraced all of the pressure-tempera- 
ture-cycle realm of interest at the time of their presentation. 
A recent extension of the field considered practicable for op- 
eration, coupled with the publication of enlarged steam-table 
data by the A.S.M.E., has warranted a more complete survey to 
guide an extension of practise. 
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1 Engineer, The Detroit Edison Company. Assoc-Mem. A.S.M.E. 
Mr. Hendrickson was graduated from the Oklahoma A. and M. 
College, Stillwater, in 1922 and entered the service of The Detroit 
Edison Company the same year. He spent four years in routine 
testing and operation in Delray Power House, and then entered the 
engineering division of the company to work on problems of thermo- 
dynamics in the generation and use of power. 

?Engineer, The Detroit Edison Company. Mr. Vesselowsky 
was graduated from the University of St. Petersburg, Russia, in 1905 
and from the Federal Polytechnical School, Zurich, Switzerland, 
in 1908. For eight. years he was connected with the Russian General 
Electric Company in various capacities in the factory at Riga and 
in the central offices at St. Petersburg. From 1919 to 1924 he 
was superintendent of the power house of the Société Ottomane 
d’Electricité at Constantinople, Turkey. He came to America in 
1924, and since 1925 has been engaged in the research department 
of The Detroit Edison Company, working on problems in mechanics 
and thermodynamics in power-plant practise. 

*See Bibliography, Appendix III. 

A.S.M.E. Trans., 1923, pp. 663-711. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting, Chicago, Ill., June 26 to July 1, 1933, of THE 
AMERICAN SocieTy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
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Study of Available Steam- | 


and plant heat rates allows for auxiliary power in pro- 
portion to the cycle requirements, and for miscellaneous 
losses sufficient to give the expected annual average 
value of the plant heat rates. While the computations 
are purposely fitted to a particular type of turbine and 
plant, the results apply approximately to most of the 
modern central stations. Comparisons of the thermal 
efficiencies of practical cycles with corresponding Carnot 
efficiencies are used to point out the best direction for 
future efforts. It is concluded that regenerative-feed- 
heating plants with the highest practicable initial tem- 
perature offer the greatest promise, both for immediate 
use and for future development. 


The response of The Detroit Edison 
Company to this situation was planned 
to supply both operating experience and 
a theoretical survey. In accord with a 
policy of trying all major developments 
on an experimental basis before accepting 
them as standard practise, the company 
purchased and installed a 10,000-kw 
1000-F turbine for observation. Op- 
erating experience and test data from this 
unit will be reported later by P. W. 
Thompson and others. Concurrently 
with the purchase of this unit, the com- 
pany undertook a thermal study of 
available steam-turbine cycles, which is reported in the present 
paper. 

The purpose of this paper is to supply data for a quick, ac- 
curate comparison of the probable performances of projected 
plants over a wide range of the pressure-temperature-cycle realm, 
so that future projects may be developed along the most promis- 
ing lines. Although ultimate comparisons necessarily include 
economic factors, such as fuel costs and capital investments, 
these factors vary greatly with location and with economic con- 
ditions; hence their final inclusion in the computed results is 
omitted from this paper. Thermal results, however, are pre- 
sented in a form readily adaptable to the needs of those making 
economic comparisons. To this end two complete sets of heat 
rates are given—namely, plant heat rates for estimating the rate 
of use of fuel and turbine heat rates with supplementary data for 
estimating the size, and hence the cost, of the various equipment 
in a plant. 

The field covered is not limited by established practise, but is 
extended to include cycles and steam conditions of possible in- 
terest for future development. The cycles studied include 
Rankine, regenerative-feedheating, reheating-regenerative-feed- 
heating, and a cycle using regenerative preheat of the combustion 
air by bled steam. 

Since the regenerative-feedheating cycle is of greater im- 
mediate importance than any other, it is studied in detail in 
one, two, three, and four feedheating stages. The reheating 
cycles studied include one-stage boiler-room reheat by combus- 
tion gases, one- and two-stage local reheat by live steam, 
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and one-stage local reheat by bled steam. These cycles are 
designated throughout by the following symbols: 


Ao 
Ai 
As 
A; 
Ag 
a? 


Rankine 

Regenerative feedheating in one stage 
Regenerative feedheating in two stages 
Regenerative feedheating in three stages 
Regenerative feedheating in four stages 
*Regenerative air preheat in four stages Py ie 
*Boiler-room reheat in one stage Ls 


*Live-steam reheat in one stage 
*One-stage regenerative reheat (by bled steam) 


*Live-steam reheat in two stages 


* Norse: These five cycles have four regenerative-feedheating stages. 


Fig. 9 gives a line diagram of all of these cycles. 

The initial steam conditions covered include temperatures of 
700 to 1000 F and pressures of 200 to 3500 lb per sqin. Not all 
cycles, however, are extended to this upper pressure limit. With 
each cycle and temperature the initial pressure is restricted to a 


value near that which gives the maximum permissible moisture . 


content of the exhaust. A common exhaust pressure of 1.0 in. 
Hg abs is assumed for all cycles and steam conditions, and in ad- 
dition all computations for the Rankine and regenerative-feed- 


high pressure cylinders 
of compound turbines 
Compound turbines 


low pressure 


tur 


single cyli nder r- 


turbines 


individual stage efficiency ratio 


average for all stages 


Efficiency ratio— 


constant value assumed 
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Pressure— 
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heating cycles are repeated with 1.5 and 2.0 in. Hg. The ex- 
pansion lines of Fig. 10 aid in visualizing the range of steam con- 
ditions covered. Feedwater temperatures of principal interest 
are those frequently designated as the ‘“optimum’’—that is, 
feedwater temperatures with which the most favorable heat rate 
is obtained. 

The discussion is divided into four major sections. The first 
section, on basic data and methods, outlines the choice of assump- 
tions and methods for their use in the final computations. The 
second section, on accuracy of the results, attempts to determine 
the errors in heat rates computed from the methods and data 
chosen. The third section, on the correlation of results, outlines 
the results presented and their interpretation in terms of actual 
turbines and plants. The fourth section, on general deductions, 
outlines the development of the heat cycle used in present con- 
ventional plants, points out the imperfections in fitting the basic 
cycle to its heat source, and shows how ideal conditions may be 
approached to the greatest possible degree. 

Following these four sections, a few general conclusions are pre- 
sented, and three appendixes are added for reference. Appendix 
I is an alphabetical list of all the nomenclature used; Appendix 
Ii is a collection of all the important formulas;and Appendix III 
is a bibliography of the principal papers covering studies of steam 
cycles in the last 10 years. Finally, the results of the computa- 
tions are presented in graphical form. 


Great care was necessary in choosing the basic data and 


Basic Data aND METHODS 


methods. The type of turbine expansion line used, the manner 
of accounting for the kinetic energy of the exhaust, and the miscel- 
laneous assumptions allowing for pressure and temperature loss in 
various parts of the circuit determine the significance of the heat 
rates obtained in the final result. These items are discussed in 
detail in the following paragraphs to supply a basis for inter- 
preting the computed results in terms of actual turbines and 
plants. 

All computations are based on the 1930 A.S.M.E. “Steam 
Tables and Mollier Diagram,” by J. H. Keenan. The work 
done by a pound of steam expanding between given pressure 
limits is determined from turbine expansion lines drawn on an 
enlarged version of this steam diagram with a constant dry-state 
individual-stage efficiency ratio’ evaluated in collaboration 
with two of the large turbine manufacturers to agree with the 
operating results obtainable from large modern turbines. This 
method is adopted in preference to the use of adiabatic expansion 
lines and engine-efficiency ratios, because a stage-efficiency ratio 
can be extrapolated into unexplored steam-chart regions with 
greater confidence than the more complex engine-efficiency ratio. 
The use of turbine expansion lines has the objection that only one 
particular type and size of turbine can be represented accurately 
in the results, whereas the use of ideal cycles and engine-efficiency 
ratios permits the adaptation of the results to any type and size 
of turbine by the insertion of a suitable engine-efficiency ratio. 
Since al! modern turbines of interest to central-station operators 
have about the same efficiency under given conditions, this is not 
a serious objection to the turbine-expansion-line method. 

Only a few expansion lines are drawn (see Fig. 10), and each is 
used for a number of cases with different cycles and different 
initial and final steam conditions. This requires a composite line 
representing, not the expansion characteristic for some given 
turbine, but an average condition for all possible turbines. Ex- 
pansion lines for hypothetical turbines with an infinite number 
of stages and infinite exhaust area satisfy this need. Such lines 
are readily drawn by means of the relations given in Equations 
{1], [2], and [3], Appendix IT. 

Fig. 1 shows how the dry-state efficiency ratio e appearing in 
these equations varies in actual turbines. Gradually rising dur- 
ing expansion, it reaches a maximum and drops abruptly in the 
last few stages. As the initial pressure increases, the efficiency 
ratios of the higher pressure stages decrease, with a consequent 
decrease in the average stage-efficiency ratio as shown. Finally 
a point is reached where it is desirable to use compound turbines. 
The liberties in choice of wheel and shaft diameters and the num- 
ber of stages afforded to the turbine designer by compounding 
permit an increase in the efficiency ratio of the upper stages and a 
discontinuity in the average as shown. With extremely high 
pressures, multi-expansion turbines would be used with further 
discontinuities in the average efficiency ratio. For simplicity in 
use, e is assumed constant at 0.845 throughout the dry-steam 
region. This value, when corrected for the effect of moisture in 
the wet-steam region, reproduces with fair accuracy the results 
obtainable from large modern turbines. The moisture correc- 
tion used is 1 per cent for each 1 per cent of moisture present in a 
given stage. The resulting efficiency ratio is given in Equation 
[3]. The end-points of the expansion lines of Fig. 10, drawn from 
these data and Equations [2] and [3], are reproducible within 0.1 
Btu per lb of steam. 

These lines give the expected expansion end-points for hypo- 
thetical turbines having no exhaust loss—that is, for turbines 


6 For accuracy in expression, the terms stage-efficiency ratio and 
engine-efficiency ratio are used in place of the more common stage 
efficiency and engine efficiency. It should be noted that these terms 
do not represent true efficiencies, but ratios of the actual efficiencies 
to the corresponding basic-cycle efficiencies. 
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with infinite exhaust area. In such a turbine the kinetic energy 
of the exhaust would be available for conversion into useful work 
at the efficiency obtaining in the lower stages. To determine the 
effective expansion end-point in an actual turbine, an exhaust-loss 
correction is necessary. Since the stage loss for this correction is 
already charged against the expansion efficiency, the correction de- 
sired is the actual exhaust loss multiplied by the efficiency ratio 
of the last stage. This relation is given in Equation [4]. 

Variation of the kinetic energy of the exhaust # in Equation 
[4] is so complicated that no complete, satisfactory representa- 
tion of it is available. Moreover, it is necessary to make a more 
or less arbitrary disposal of some points on which practise is 
not uniform. For example, some manufacturers proportion 
nozzle and blade areas of their bleeding turbines for the actual 
conditions of operation, while others prefer to proportion all tur- 
bines for non-extraction operation, with a consequent reduction 
in development charges during manufacture. Unfortunately, a 
single set of computations cannot show the results for both of 
these practises. Since all of the turbines with which the authors 
have occasion to work are proportioned for non-extracting opera- 
tion, allowances for exhaust loss are made on the basis that the 
kinetic energy of the exhaust at layout steam flow or maximum- 
efficiency load non-extracting is the same for all turbines con- 
sidered. The exhaust loss chargeable depends then on the 
amount of steam extracted. An approximate solution for this 
dependence is given in Equation [5], Appendix II. At maxi- 
mum-efficiency load non-extracting the value of the kinetic 
energy of the exhaust # in Equation [4] is assumed at 12.1 Btu 
per lb of steam exhausted. A 10 per cent allowance for hood 
losses makes the total exhaust loss E,; = 13.5 Btu per lb. This 
exhaust-loss allowance and the expansion lines of Fig. 10 de- 
fine completely the assumed turbine performance. 

The computation of overall turbine-room results necessitates 
further assumptions involving the characteristics of accessory 
equipment. For example, the pressure and heat loss in extrac- 
tion lines, the terminal temperature difference in feedheaters, and 
other losses must be determined before extraction-turbine per- 
formance can be computed. 

Exact determination of the pressure loss in extraction lines 
for an actual installation is usually done as a trial-and-error 
computation. For hypothetical cases or projected installations, 
a direct computation is possible if the pressure loss is m<,- 
on the basis that the plants in question may be designed to fit. — 
Preliminary computations showed a 5 per cent pressure drop in 
extraction lines and fittings to be fairly representative of average 
conditions. This allowance provides for an extraction line length 
equivalent to 75 ft of straight pipe and four 90-deg bends and a 
steam velocity of 200 ft per sec. 

The following assumptions covering the characteristics of 
feedheaters, condensers, reheaters, air preheaters, and throttle 
valves are estimated from practise without detailed investiga- 
tion: 5 F terminal temperature difference in the feedwater 
heaters, 4 F undercooling of condensate‘ in the main condenser, 10 
per cent pressure reduction through the steam reheaters, 10 F 
terminal temperature difference in steam reheaters and bled- 
steam air preheaters, and 4 per cent pressure reduction through 
the turbine throttle valve at full primary opening. Other 
pressure losses assumed are, for steam mains, 10 per cent, and for 
feedwater mains, 100 lb per sq in. It was further assumed on 
the advice of the turbine manufacturers that the most favorable 
locations of the individual feedheaters are obtained with that 
distribution in which equal amounts of steam are extracted to 


* Recent changes in condenser practise in the plants of The De- 
troit Edison Company indicate that less undercooling might have 
been assumed. This is a small item and has no appreciable effect 


on the results. ¢ 
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each heater. These assumptions make possible the computa- 
tion of expected operating data for turbines and their accessory 
apparatus. 

Expected annual average plant heat rates are obtained from 
turbine heat rates by making proper allowances for auxiliary 
power consumption, loss to flue gas, cost of feedwater make-up, 
and miscellaneous plant losses. 

In the allowances for auxiliaries, the power for boiler-feed 
pumps, for coal handling and firing auxiliaries, and for circula- 
tors was computed separately in proportion to the cycle require- 
ments. Equations [6], [7], and [8] for these items assume 0.60 
as the combined efficiency of each auxiliary and its drive. 
Miscellaneous losses such as station lighting, air compressing, 
and general service-water pumping are assumed constant at 
0.005 kw per gross kw for all conditions. This value gives a 


total auxiliary power consumption of 5 per cent for a 400-lb 


regenerative-feedheating plant. Summing these, Equation 
[9], Appendix II, gives the total auxiliary power allowance. 
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Loss to the flue gas is estimated on the assumption that a boiler 
with a maximum test efficiency of 0.88 may be designed for any 
plant considered. 

The cost of feedwater make-up for the regenerative-feedheat- 
ing cycles is computed from the change in steam rate by bleeding 
the steam required for an interstage evaporator located between 
the two highest pressure feedheating stages. This in turn is 
determined by the change in work given in Equation [10], Ap- 
pendix II. Similar equations could be developed for the reheat- 
ing cycles, but a considerable amount of computation is avoided 
by using a curve of the data computed in the treatment of the 
regenerative-feedheating cycle. In this curve given in Fig. 2, 
the cost of feedwater make-up is almost independent of initial 
steam conditions and depends principally on the feedwater 
temperature. 

The foregoing allowances for auxiliary power and other losses 
give a basis for determining plant heat rates from turbine heat 
rate with continuous ‘‘test condition” performance under opti- 
mum conditions throughout the plant. To account for mis- 
cellaneous losses arising from sudden changes in load, operation 
off the maximum efficiency points, and other unpredictable causes, 
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a plant operating heat rate ratio is introduced. It is assumed 
that the annual average plant heat rate will be 10 per cent 
greater than the computed optimum “test condition” plant heat 
rate. This factor is chosen to agree with plants in the experience 
of the authors. 

These assumptions for auxiliary power, flue-gas loss, cost of feed- 
water make-up, and miscellaneous losses complete the data neces- 
sary for a final computation of complete plant performance. 


ACCURACY OF RESULTS 


It is proper to inquire into the accuracy of these data and as- 
sumptions as a means for computing the expected performances of 
actual turbines and plants on a comparable basis. The following 
discussion attempts to outline the faults of the more important 
items of basic data, and to determine their probable effect on the 


accuracy of the results. 
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v,=relative exit velocities, 
v=absolute exit velocities. 

No prime marks indicate max. effic. 
flow without under-expansion. 
Primes indicate actual m.e. flow condition. 
Double primes indicate actual reduced flow cond: 
Triple primes indicate reduced flow with same 
last-stage expansion ratio as with me. flow, 


Fic. VARIATION OF Exnaust Loss WiTH CHANGE IN STEAM FLow 


The steam chart used is probably most important. For- 
tunately, the chart region of chief immediate interest, which in- 
cludes steam temperatures up to 750 F at all pressures considered, 
is supported by sufficient data from the A.S.M.E. Steam Re- 
search Committee to insure its accuracy within the limits de- 
sired for this study.?’ Comparison with European steam-re- 
search data indicates further that the chart is sufficiently accurate 
at all temperatures considered for pressures below 1000 or 1200 
Ib per sqin. Thus the region in which the steam chart accuracy 
is at all questionable is represented by pressures above 1000 or 
1200 Ib per sq in. when the temperature is above 750 F. The 
A.S.M.E. Steam Research Committee does not estimate the 
probable magnitude of the error in this area, and it is therefore 
impossible to give a reliable estimate of the error introduced from 
this source into the computed heat rates. It probably does not 
exceed 30 Btu per kwhr, and tends to show a lowered heat rate in 
the computed results. 

Another small error that enters into the results by way of the 
steam chart concerns not the accuracy of the chart itself, but the 
readability of its scale. The large-scale Mollier diagram used in 
the computations is readable to the nearest 0.1 Btu per lb of 
steam. Since the end-points of the expansion lines are accurate 


7 See “‘Correlation of Steam-Research Data,’’ by Dr. Harvey N. 
Davis, MECHANICAL ENGINEERING, vol. 51, p. 129. a les 


within that limit, they determine the work done by a pound of 
steam expanding over a given pressure interval to the nearest 
0.1 Btu. The corresponding error in heat rate is about +5 Btu 
per kwhr. 

The work indicated by the expansion lines depends on the dry- 
state-efficiency ratio used in their construction. Since this 
efficiency was determined from actual turbine data, it represents 
actual turbine performance very accurately for steam conditions 
in the immediate vicinity of these data (375 lb gage and 750 F). 
There naturally arises the question of how accurately this same 
dry-state-efficiency ratio portrays the operating characteristics 
of other turbines operating under different steam conditions. 
One manufacturer of large turbines states that the expected 
performance is predictable over the entire known field by this 
method with an error less than 1 per cent—that is, about +100 
Btu per kwhr. 

This question is related very closely to the use of so-called 
compound end multi-cylinder turbines. The relation of the 
average dry-state-efficiency ratio of a single-cylinder turbine to 
that of a compound or multi-cylinder turbine has already been 
shown in Fig. 1. It is there indicated that compounding in- 
creases the efficiency. Since the fields of these two turbine 
types overlap, it is necessary to consider the effect of this point 
when comparing compound and single-cylinder turbines in the 
same steam chart region. Further it is evident from Fig. 1 
that even with compound and multi-expansion turbines the 
stage efficiency may continue to drop with higher pressures. 
The effect of extreme pressures is not accurately predictable at 
this time, and it is possible that for pressures above the limits of 
present experience the error allowance previously stated would be 
insufficient. 

The discussion of errors so far pertains wholly to those intro- 
duced in the determination of the end-points of the computed 
expansion lines. The location of the actual expansion end points 
is affected by the error of the exhaust loss charge as determined by 
Equation [5]. This formula assumes that the curve of exhaust 
loss plotted against exhaust flow F isa parabola. This would be 
true if the exhaust steam left the last wheel with a relative ve- 
locity v, (Fig. 3) always at the angle @ with the plane of the wheel. 
Here @ is the exit angle of the last wheel blades. Actually, be- 
cause of underexpansion in the last turbine stage, there is a de- 
flection of the exhaust steam to a different angle 6’, and the rela- 
tive discharge velocity becomes »,’, with a corresponding ab- 
solute discharge velocity v’. The kinetic energy FE, in Equation 
[5] corresponds to the absolute velocity v’ in Fig. 3 for non- 
bleeding operation at the layout steam flow, and the equation 
assumes that the end of the vector representing absolute velocity 
moves along the line a’a’ parallel to v,’ when the exhaust flow 
changes with bleeding. Any variation in the exhaust flow, 
however, results in another expansion ratio for the last stage, 
and consequently a different exit angle 6”. Thus when the tur- 
bine is bled, the relative velocity of the exhaust is v,” instead of 
v,’’’ and the actual exhaust loss chargeable is determined by the 
corresponding absolute velocity v” rather than v’’’ accounted for 
in Equation [5]. Computations on an actual turbine indicate 
the magnitude of this error to be about +25 Btu per kwhr in 
the cases with greatest bleeding. It is of course zero in the Ran- 
kine cycles. 

The foregoing items constitute the most important errors in 
the non-reheating heat rates attributable to the nature of the 
available data and assumptions. A further possible error of 
+10 Btu per kwhr is introduced by two graphical interpolations 
in reducing the results to presentable form. 

An error that applies only to the reheating cycles enters 
through the determination of the optimum points for extraction 
when a reheat point intervenes between two extraction points. 
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Failure to ascertain the exact optimum point introduces a possible 
error estimated at 0 to +25 Btu per kwhr. 

Another minor error arises in converting turbine heat rates 
into overall plant heat rates, as follows: Evaporators for make- 
up supply are assumed to be located between the two highest- 
pressure extraction stages in every case. In the lower pressure 
cycles this is necessary to keep the volume of make-up vapor 
low so that sufficient relieving capacity may be obtained with 
reasonably small surface. The same assumption is extended to 
all cases for simplicity in treatment. In consequence the make- 
up is heated from its supply temperature to its vaporization tem- 
perature in a single step, and the advantages of regenerative 
heating are lost. The magnitude of this loss is estimated at 0 to 
+25 Btu per kwhr, and depends principally on feedwater 
temperature. It affects all cycles except the Rankine and one- 
stage regenerative-feedheating. 

All the errors discussed may be tabulated as follows: 


Magnitude, 


Source of error Btu/kwhr Operates 
Steam-chart inaccuracy...... — 30* Above 1000 lb and above 750 F 
Steam-chart reading......... + § In all results 
Stage efficiency used......... +100 With differences in initial pressure 
Computation of exhaust loss.. + 25 In cycles employing extraction 
Graphical computation. . . + 10 In all results 
Optimum fe temperature 

with reheat....... ; + 25 In reheating cycles 
Evaporator location......... + 25 In plant results with high feed 


temperatures, all cycles except 
Rankine and one-stage regen- 
erative-feedheating 


Total. . +190 to —145 


* Nore: 
the actual 


A negative error indicates that the computed heat rate is below 


In most cases the error would be much less than the total given 
as the maximum. 

In addition to the heat rates presented in this paper, a large 
amount of pertinent data was made available in the course of 
the computations. A complete presentation is not practicable, 
but a sufficient amount of this supplementary data is included 
for a ready redetermination of all the important items not directly 
exhibited. 

Two complete sets of heat rates are given in Figs. 13 to 19, in- 
clusive. Turbine and plant heat rates are presented side by side 
for each cycle considered. Of these the plant heat rate may be 
used for comparing the thermal economy of projected plants. 
However, since these data contain arbitrary allowances for auxil- 
iary power and other losses, the turbine heat rates are much more 
definite, and should be used whenever they can be made to give 
the comparison desired. 

Optimum feedwater temperatures for all cycles are given in 
Fig. 11. These data, together with the reheater data for cycle 
B in Fig. 18, permit the ready determination of steam rates, 
heat rates, heats rejected to the circulating water, and the volume 
of the steam exhausted. Equations [11] to [18], Appendix IT, 
apply in these determinations, and may be followed by Equations 
[6] to [9] to obtain an itemized estimate of the auxiliary power 
required. 

The expansion lines of Fig. 10, with the data and equations 
given, may be used for an approximate determination of the 
condenser steam rate, total steam extracted, steam extracted 
to each heater, and other minor items. These uses are not de- 
scribed in detai]. Since the scale of Fig. 10 is quite small, any 
one with a considerable amount of such work to do could profita- 
bly construct expansion lines on a larger chart to suit his needs. 

For plants operating on any of the cycles studied, these data 
permit a detailed analysis in a fraction of the time required for a 
complete computation. 


CoRRELATION OF RESULTS 
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Since, as previously stated, no single set of results can ac- 
curately represent the different types of turbines in general use, 
the assumptions made apply particularly to a throttle-governed 
1200-rpm turbine of 30,000 kw or larger with straight impulse 
blading. It is necessary to consider this point when comparing 
two turbines of different type; and if the greatest possible ac- 
curacy is desired, a complete detailed computation may be neces- 
sary for each case. For example, in a comparison between a 
throttling turbine and a cut-out-governing turbine having a two- 
blade-row first-stage wheel, with the same initial steam conditions 
in each case, the respective actual expansion lines would show dif- 
ferences, not only at the end-points of the expansion, but at inter- 
mediate points as well. Further, because of differences in the 
heat rate versus load curves, the load-duration characteristic 
would affect the relation between turbine heat rate and plant 
heat rate differently in each case. Hence it is evident that errors 
not mentioned among those previously listed may influence the 
comparison when considering turbines with differing expansion 
characteristics. 

Another instance, illustrating the discrepancy between calcula- 
tions and the performance of actual turbines, is in the treatment 
of the exhaust loss at different back pressures. The exhaust 
loss for which any actual turbine should be designed would be 
determined at the point of economic balance between capital 
charges and the cost of fuel with different last-wheel and exhaust- 
hood sizes. Determination of exhaust loss for each case in this 
study on such a basis would be an almost endless task and would 
enhance the value of the results only slightly. Although the 
constant value assumed is believed to be quite satisfactory when 
comparing cases with the same back pressure, comparisons in- 
volving a change of back pressure may require special considera- 
tion if the greatest possible accuracy is desired. 

These points are mentioned to illustrate that care must be 
exercised in applying these computed data to the performance of 
actual turbines and plants. 

With one exception, the results presented are on a comparable 
basis for all cycles considered. Since any given boiler efficiency 
is harder to obtain when preheating the combustion air by bled 
steam, the assumption of a constant boiler efficiency for all cycles 
is slightly favorable to the cycle using preheat by bled steam 
as compared to a straight four-stage regenerative-feedheating 
cycle. 

Some remarks on the allowances for auxiliary power may be 
helpful. Strictly, the plant results are applicable only to plants 
with completely motorized auxiliaries supplied with power di- 
rectly from the main bus. Actually there is little difference be- 
tween such a plant and one having a separate steam-driven 
auxiliary power supply, provided the auxiliary turbine exhausts 
to the same back pressure as the main turbine, and has its con- 
densate heated in the main feedheating system or its equivalent. 
Further, the steam-driven emergency apparatus used in many 
places has a negligible effect on the plant heat rate. The 
results given, therefore, should apply approximately to most of 


our present-day conventional plants. 


GENERAL DEDUCTIONS 

Any survey of the efficiencies obtainable from different steam 
or cycle conditions undertakes to indicate those developments 
most promising for increasing the basic cycle efficiency. The 
problem may be approached from two distinct points of view. 
First and most important, any particular improvement should 
pay an economic return on the required investment. This 
phase of the question must be left for individual treatment. 
Second, but important also, each detail of improvement should 
be examined to determine the relation of its efficiency increase 
to that of another possible development which might be sub- 
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stituted. The remainder of this paper is occupied with a brief 
examination into the past development of power production, and 
attempts to point out other possible lines of development for the 
future. The shortcomings of present-day cycles are illustrated 
by comparison with ideal cycles, and an optimum cycle, subject 
to practical restrictions, is developed from these comparisons. 
The atmospheric engine of Newcomen, which is generally ac- 
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cepted as the first practical attempt to use steam for the produc- 
tion of power, operated on what may be called a full-admission 
Rankine cycle taking steam at atmospheric pressure and ex- 
hausting into a vacuum. Over a period of about 200 years fol- 
lowing the advent of this engine there ensued a gradual improve- 
ment in the working steam-pressure range. At the close of 
the nineteenth century, triple-expansion engines were operating 
with pressures as high as 150 lb per sq in. A few quadruple- 
expansion engines used even higher pressures, but the large 
expansion ratio limited the range of initial pressures practicable 
with a displacement engine. Because of the fear of lubrication 
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alloy steels capable of withstanding yet higher temperatures, 
and then to increase the pressure to the economic limit. As in- 
dicated by the installation of several plants to operate at tempera- 
tures of 750 to 850 F, this seems to be the line of action favored by 
both European and American producers. The semi-experimental 
1000-F unit at Delray is a further step in this direction. 

This brief survey of the growth of power production outlines 
the present state of the art. A Rankine-cycle plant with the 
initial steam conditions of the Newcomen engine would have an 
efficiency of 8 to 10 per cent, which is more than doubled by the 
substitution of 400 lb per sq in., 700 F initial steam conditions 
into the same cycle. This improvement has paid handsomely 
on the added capital invested. 

Theoretically this same line of development might be followed 
indefinitely, for it may be observed that as the superheat tem- 
perature is increased the limiting Carnot efficiency also is raised, 
and indefinite efficiency increments are therefore possible. 
Naturally this possibility should be pursued as far as it gives 
promise of paying an adequate economic return, but the com- 
parison with alternate developments must not be neglected. 
Fig. 4 shows a comparison of Carnot efficiencies with those of the 
Rankine cycle at different temperatures. Carnot efficiency, be- 
ing the limiting efficiency, indicates when any appreciable im- 
provement over a given cycle is possible. Fig. 4 may thus be 
used to determine when changes from the Rankine cycle should 
be considered. A glance at the saturated-steam line shows that 
in the earlier years of steam-power production with low-pressure 
saturated steam, the basic cycle efficiency was very near the 
Carnot limit for the temperature employed. Higher pressures 
and temperatures widen the gap between actual and Carnot 
cycles. It is apparent that as the initial temperature is raised at 
constant initial pressure—that is, with increases in superheat— 
the resulting efficiency increase does not keep pace with the cor- 
responding Carnot efficiency. This is no indictment against the 
use of superheat, for as previously mentioned it is purely an 
economic question. If a higher degree of superheat pays an 
adequate return, it should be used. The point it is meant to 
emphasize here is that the time has arrived when some attention 
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Fic. 5 TEMPERATURE-ENTROPY D1a- 
GRAM OF IDEAL AND RANKINE CYCLES 
Wirnovut Air PREHEAT 


troubles, superheat was not used; indeed, the value of increased 
temperatures was not fully realized until the very close of the 
period of supremacy of the reciprocating engine. The introduc- 
tion of steam turbines made possible almost immediately the use 
of temperatures around 450 F, and opened the way to future 
pressure increases. Since the erosion of the lower-stage blades 
by moisture in the exhaust restricts the initial pressure prac- 
ticable for turbines, even this higher temperature limited the 
pressure to around 150 lb per sq in. Subsequent use of steel 
castings in the high-pressure casing permitted temperatures 
around 700 F and pressures of 400 Ib per sq in. Following 
the same line of development, the next step was to substitute 
gon 
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should be given to possible changes in the basic cycle itself, so 
that actual cycle efficiencies nearer the Carnot limit may be at- 
tained. Some progress has already been recorded in this direc- 
tion, notably the general adoption of regenerative feedheating by 
extracted steam. Reheating and binary cycles, not yet gen- 
erally accepted, may be mentioned. Each of these improve- 
ments tends to lessen the gap between actual cycle efficiencies and 
the Carnot limit, but still the difference is large. 

Any attempt to improve this condition must consider the in- 
congruities between the basic cycle used and its heat source 
and endeavor to eliminate them. Since a complete elimination 
of losses is not always possible under the restrictions of practise, 
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the following discussion is intended to outline the optimum basic 
cycle subject to operating requirements. 

Energy for the production of power is obtained from the ir- 
reversible release of the chemical energy of the fuel by combus- 
tion. Point 1 on the temperature-entropy diagram of Fig. 5 
represents the condition of the combustion products, and the 
cycle 1-2-3 would produce the greatest amount of work that it is 
possible to obtain from them on any continuous operating 
Because of the very high temperature at the initial point, 
and the mechanical difficulty of the isothermal compression along 
line 2-3, the Rankine vapor cycle 4-5-6-7 is substituted in actual 
plants. The loss by this substitution is evident from a considera- 
tion of an intermediate Rankine vapor cycle 1-2-3 which is 
ideally suited to the heat source and which obviously has the 
same efficiency as the gas-cycle 1-2-3. As areas in this diagram 
represent energy, the areas 1-2’-3’-3 and 4-5’-6’-6-7 are the same; 
and each represents the energy available from the fuel. Then 
since the mean ordinate of 4-5’-6'-6-7 is much lower than that 
of 1-2’-3'-3, it follows immediately that the heat rejected 5-5’- 
6’-6 for cycle 4-5-6-7 is greater than 2-2’-3’-3 from cycles 1-2-3. 
This increased loss to the circulating water is the direct result 
of the decrease in top temperature at which the heat of combus- 
tion is added to the working medium. 

In the conventional type of power plant three things are done 
to lower this loss which enters by the dissimilarity of the cycle 
and its heat source. The top temperature 7;-, is raised to the 
highest practicable limit, the addition of heat along the liquid 
line 6-7 is eliminated by the use of regenerative feedheating, and 
air preheaters are added to absorb the heat of combustion along 
line 3-12 formerly going into the liquid. The limiting condition 
for this cycle, i.e., the case with an infinite number of feedheating 
stages, is equivalent to the Carnot cycle 8-9-10-11, of Fig. 6. 
With stoker-fired plants it would be necessary to limit the air- 
preheat temperature to a value considerably below the initial 
vapor temperature. Regenerative feedheating also should stop 
at that temperature, and the best cycle then becomes 13-14- 
15-16-17 of Fig. 7. 

Except for the omission of superheat, this is the ordinary re- 
generative-feedheating cycle of conventional plants. With the 
omission of superheat, however, the cycle has the practical dis- 
advantage that the moisture content of the exhaust would be high 
enough to cause excessive erosion of the turbine blades. To 
overcome this difficulty, it is necessary to introduce some form of 
reheating; and, if no reduction in efficiency is permissible, the 
reheating must be regenerative. Consider the circuit of Fig. 8, 
which accomplishes this result. Saturated steam enters the 
turbine and expands to the limiting moisture content beyond 
which the turbine blades would suffer from erosion. The steam 
is then removed from the turbine, reheated by steam extracted 
from the next higher pressure stage, and returned for further 
expansion. When the limiting moisture content is again 
reached, the reheating process must be repeated, and so on to the 
exhaust. Steam is withdrawn at each of these reheat points for 
feedheating. With an infinite number of stages, this cycle also 
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TABLE 1 


Heat rates, Btu per kwhr 
Computed——_——. Actual 
Turbine Condenser plant 
7176 14,110¢ 
6876 
6506 


Throttle steam, 
deg F and Ib per 
8q in. gage 
700 F— 375 Ib 
700 F— 400 lb 
750 F— 400 lb 
750 F— 650 Ib 
750 F— 650 lb 
1000 F— 365 Ib 
750 F— 600 Ib 
750 F—1250 Ib 
* Trenton Channel, 12 month average. > | 
Gilbert, early operating results, which will undoubtedly be reduced. 


Plant 
14,150 
13,710 
13,260 
12,940 6236 b 
12,900 6236 

12,780 6086 

12,500 5986 


12,560¢ 
11,830 5346 


12,7204 
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Regenerative 
Reheating by i 
Reheating by boiler gases (one stage of reheating) 


becomes equivalent to the Carnot cycle of Fig. 6, and the ex- 
haust steam is dry and saturated. Thus, if the reheaters of Fig. 
8 or a substitute can be developed, the last barrier to practical 
application is removed, and the gap between basic-cycle ef- 
ficiency and the Carnot limit shown in Fig. 4 is eliminated. 

The discussion so far has considered only the use of steam 
as a working medium. Since the critical temperature of steam 
is considerably below the practicable operation limit of present 
materials, a working medium other than steam must be adopted 


turbine sections 
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to obtain the full benefits from the foregoing cycle. Further, 
because of the long expansion and the consequent great difference 
between specific volume at the head and tail ends of a single-ex- 
pansion cycle, a binary expansion cycle might be necessary. 
Development of plants to operate on the cycles of Figs. 6 
and 7 with 1000 F top temperature would make possible the 
production of power at a coal pile to switchboard heat rate of 
about 9000 Btu per kwhr estimated from the ideal cycle heat rate 
of 5400 Btu per kwhr. Note that this heat rate is possible 
with processes that are all in present use. The only special fea- 
tures of this plant are an expanding medium other than steam 
and the unusual application of reheat. Since the heat source 
for reheat is extracted wet vapor instead of vapor at throttle 
pressure, the reheater may offer some difficulties in design. Ex- 
cepting these characteristics, a plant designed to operate on the 
cycle suggested would be much like present conventional plants 
using local reheat, regenerative feedheating, and air preheat. 
It would have the highest efficiency obtainable with the irreversi- 
ble combustion of coal and the irreversible transfer of the heat 
of combustion to a working medium, at a temperature that can 


be used with existing metals. 


ConcLUSIONS 
F The principal value of this paper is in the possible use of the 
results for estimating purposes. For example, Table 1 sum- 
marizes the data for several pressure-temperature-cycle condi- 


COMPUTED AND ACTUAL HEAT RATES FOR SEVERAL IMPORTANT CYCLES 
(Back Pressure in All Cases 1 In. Hg Abs) 


Cycle description 


Regenerative (three-stage extraction) 

Regenerative (three-stage extraction) 
Regenerative with air preheated by steam bled from turbine (four-stage extraction) 
Reheating by live steam (one stage of reheating) ; 

Reheating by steam bled from turbine (one stage of reheating) 

extraction) 


oiler gases (one stage of reheating) 


b Crawford Avenue, units 5 and 6. ¢ Columbia, published results before renozzling turbines for greater capacity. 
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tions, and compares them with actual-plant heat rates when 
available. 

However, some general conclusions regarding the advantages 
of different steam and cycle conditions can be made. For the 
present, the simplicity and the high thermal efficiency of the 
regenerative-feedheating cycle make it the most promising for 
ordinary conditions. On the other hand, because of the tempt- 
ing heat-rate margin of reheating plants, it is not unlikely that 
more of these will be built, especially when a high use factor is 
possible. In any case the best overall results are obtained when 
using the highest practicable initial temperature. The initial 
pressure would then be limited by the maximum permissible 
moisture content of the exhaust. 

Among the cycles offering possibilities for future improvement 
the regenerative-feedheating cycle is again most promising. 
Without superheat, but with air preheat by the flue gas and feed- 
heating by bled steam up to or near the initial temperature, it 
would give the most favorable cycle heat rate obtainable 
from any engine subject to practical initial temperature restric- 
tions. 

Its maximum development is contingent on three items: adop- 
tion of a working medium other than steam, removal of condens- 
ing liquid from the expanding medium, and the use of a binary 
expansion cycle. A comparison of the heat rate obtainable from 
present plants with the heat rate obtainable with this cycle sug- 
gests that its development should be given thoughtful considera- 
tion now. 

This plant, however, does not represent the ultimate theoreti- 
cal possibility in lowered heat rates. Although, if ever attained, 
such a plant might be the best practical plant, the goal of power- 
plant development should be a basic-cycle heat rate of 3412 Btu 
per kwhr. Realization of this ideal heat rate requires two major 
changes in the heat cycle: First, the irreversible transfer of the 
heat of coal from the combustion gases to the vapor of the work- 
ing medium at a lower temperature must be replaced by a re- 
versible transfer; this would reduce the basic-cycle heat rate 
to about 4200 Btu per kwhr. Second, the irreversible liberation 
of the chemical energy in fuel also must be replaced by a re- 
versible process; this would give a basic-cycle heat rate of 3412 
Btu per kwhr. All processes would then be reversible, and the 
available energy of the fuel could be completely and continu- 
ously converted into mechanical work. Undoubtedly this last 
step would change the form of the plant completely, thereby in- 
troducing the possibility of many developments in the use of 
power which cannot even be pictured until the form of that ulti- 
mate plant becomes at least vaguely known. Admittedly such 
a plant is purely visionary, and discussion of it is probably of 
little immediate economic significance. Nevertheless, it is an 
enticing goal, which allows untold new uses of power. The re- 
port of progress during the next century may record some of 
these changes. 
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Appendix 1 Nomenclature 


The following list of nomenclature used in this paper is appended 
for convenience: 


A = Combustion air, lb per lb coal burned 
D = Density of feedwater at the temperature in the boiler feed pump, 
lb per cu ft 
E = Exhaust loss, Btu per lb of exhaust steam 
Ei = Exhaust loss at maximum efficiency load, non-extracting, Btu per 
lb of exhaust steam ( 
E- Exhaust loss chargeable at end-point of the computed expansion 
lines, Btu per lb of exhaust steam 
E: Energy developed into mechanical work by a turbine with extrac- 
tion feedheating system but without evaporators, Btu per lb of 
throttle steam 
= Energy developed into mechanical work by a turbine with extrac- 
tion feedheaters and an evaporator, Btu per lb of throttle steam 
Individual-stage efficiency ratio, fraction 
Dry-state individual-stage efficiency ratio, fraction 
Steam flow to turbine throttle at maximum efficiency load, lb per 


r 

Exhaust steam flow, lb per hr 

Acceleration of gravity, 32.16 ft per sec? 

Enthalpy (total heat) of combustion air, Btu per lb. (The term 
enthalpy here denotes the quantity ordinarily ramed ‘“‘total 
heat”’ or “heat content.” It may be defined ash = u + pov, 
where u is the internal energy, p the pressure, and v the specific 
volume.) 

Enthalpy of exhaust steam, Btu per Ib 

Enthalpy of main condensate, Btu per Ib 

Enthalpy of make-up water supply, Btu per lb 

Enthalpy of make-up vapor leaving evaporator, Btu per lb 

Enthalpy of working steam entering one-stage reheater, Btu per lb 

Enthalpy of working steam entering the first reheater in a two- 
stage reheat cycle, Btu per lb 

Enthalpy of working steam entering the second reheater in a two- 
stage reheat cycle, Btu per lb 

Enthalpy of working steam leaving one-stage reheater, Btu per lb 

Enthalpy of working steam leaving the first reheater in a two-stage 
reheating cycle, Btu per lb 

Enthalpy of working steam leaving the second reheater in a two- 
stage reheating cycle, Btu per lb 

Enthalpy of steam entering turbine throttle, Btu per lb 

Enthalpy of condensate drains from live-steam reheaters, Btu per lb 

Enthalpy of steam extracted to the highest pressure-stage feed- 
heater, Btu per lb 

Enthalpy of steam extracted to the highest-but-one pressure-stage 
feedheater, Btu per lb 

Enthalpy of steam extracted to the highest-but-two pressure-stage 
feedheater, Btu per lb 

he = Enthalpy of steam extracted to the highest-but-three pressure-stage 
feedheater, Btu per lb 
hri, hy2, hys, and Ays represent the enthalpy of the condensate drains from hi, 
2, hs, and hs, respectively, Btu per lb 
h’p, h’f2, h’ss, and h’ss represent the enthalpy of water leaving the feedheaters, 
the temperatures being 5 F lower than those corresponding to 
hp, hye, hys, and hys, respectively 
hy = Enthalpy of feedwater if different from h’p, Btu per lb 
hjge = Latent heat at exhaust pressure, Btu per lb steam 
Hao, Ha, Haz, HAs, Has, Ha’, HB, He, Hp, and He are the heat rates 
with cycles Ao, Ai, Az, As, As, A’, B, C, D, and E, respectively, 
Btu per kwhr chargeable to the turbine 
H’ Ao, H’ A, H’ H’ As, H’ As, H’ a’, H’B, H’c, H’ pd, and are plant heat 
— corresponding to the preceding turbine heat rates, Btu per 
whr 

Heat to circulating water, Btu per kwhr 

Mechanical equivalent of heat, 778.6 ft-lb per Btu 

Make-up water, lb per lb of total feedwater 

Combustion air, lb per lb steam generated 

Exhaust-steam flow for a turbine and feedheating system without 
evaporators, lb per lb steam supplied to the turbine 

Exhaust-steam flow for a turbine and feedheating system with 
evaporators, lb per lb steam supplied to the turbine 

Ratio of low- to high-pressure throttle flow in a compound turbine 

Ratio of intermediate- to high-pressure throttle flow for triple- 
expansion turbines 

Ratio of low- to high-pressure throttle flow for triple-expansion 
turbines 

Steam supplied from mains to a one-stage local reheater, lb per Ib 
steam supplied to the turbine throttle 

Steam supplied from the mains to the first reheater of a two-stage 
local reheat cycle, lb per lb steam supplied to the turbine throttle 

Steam supplied from mains to the second reheater of a two-stage 
reheat cycle, lb per lb of steam supplied to the turbine throttle 

Steam extracted to the highest pressure-stage heater, lb per Ib of 
steam supplied to the turbine throttle 

Steam extracted to the second highest pressure-stage heater, Ib per 
lb steam to the turbine 

Steam extracted to the third highest pressure-stage heater, lb per 
lb steam to the turbine 

Steam extracted to the lowest pressure-stage heater, lb per Ib 
steam to the turbine 

Number of regenerative-feedheating stages 

Boiler-feed pump discharge pressure, lb per sq in. 

Steam pressure before first turbine stage nozzles, lb per sq in. 

Auxiliary power, ratio to total generated 

Power to Coher auxiliaries, ratio to total generated 

Power to circulators, ratio to total generated 

= Power to boiler-feed pump, ratio to total generated 
= Steam quality, fraction 
= Steam quality at end-point of expansion lines, fraction 
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Entropy of steam, Btu per lb : deg F (19) Total steam bled, cycle Ai, with evaporators: 
Steam generated, lb per lb coa 
Absolute temperature, F (1 — mep) A 


Velocity of last turbine wheel blades measured on the pitch circle, 1 


of steam leaving last turbine wheel (see Fig. 3), 
ft per (20) Total steam bled, cycle Az, with evaporators: 
— ebelly of steam leaving last turbine wheel (see Fig. 3), 1 
t per sec 
Axial component of exhaust-steam velocity, ft per sec. (1 — mep) As = LS on the 
Exhaust-steam velocity at ME load ft per sec (assumed axial) hi — hye — (hp: — bh’) § —> 
Volume of steam leaving the last — wheel, cu ft per kwhr i 
a oe of steam leaving the last turbine wheel, cu ft per x [ { (1 + m) (Ain — h’n) + mihm — hym — (hp — tien: i: 
ondenser-steam rate for any cycle, er kwhr — hve — ha — Ate (hn — A’ 
Turbine-steam rate for cycle Ao, lb per kwhr ve { 1— hp 
Turbine-steam rate for cycle Ai, lb per i 


{a + m) hye) + m(hm hym)] 


Turbine-steam rate for eycle 4s, Ib per kwhr (21) Total steam bled, cycle As, with evaporators: 

urbine-steam rate for cycle A3, lb per kwhr 1 

Turbine-steam rate for cycle As, lb per kwhr — mep)As = 

Turbine-steam rate for cycle A’, lb per kwhr | ha — hye — (hys — h'p) 5 iJ 3 

) Turbine-steam rate for cycle B, lb per kwhr © — hy: 

= Turbine-steam rate for cycle C, lb per kwhr ha — hye 
= Turbine-steam rate for cycle D, lb perkwhr x { [a + m) (h’fi — + m(hm — 

We = Turbine-steam rate for cycle Z, lb per kwhr _ hn hi — hp 


Other items of nomenclature are used only where locally explained. + [a + m) (h’j2 — h’js) — m(hm — ha + hjs—h | ype a 


Appendix II Formulas + — bye — m — 
(22) Total steam bled, cycle As, with evaporators: 
(1 — mep) = : © 
hs — 


oh 


(2) Entropy a finite interval on an expansion line (see h h 
‘*Reheat Factors,”” by E. L. Robinson, Mechanical Engineering, February, [a + m) (itn — + — a — hy hs — bys 
1928, pp. 155-156): — ha — 


The following is a listing of all formulas used: 


(1) Slope of expansion lines at any point on the enthalpy-entropy diagram: 


hy — hys 
4 

+ [a+ + m) (h’ss — h’ps) — | io — 

(3) Expansion efficiency in the wet-steam region: + [™ hye — — h'ps) — ] } 


eines : t (23) Total steam bled, cycle A’ with evaporators, computed from cycle 
(4) and (5) Exhaust loss chargeable at end-point of computed expansion As: 
lines: 

ma Aha 

h'ti — hye + m(h'fi hym) 
E + [1 24) Total bled le B, without tors: 

Qeed { Pi } (2 otal steam , cycle B, without evaporators: 


(1 — met)B = 1— 


E- = 1.1 qeed E, Btu per |b steam (1 — mep) A’ = (1 — mep) As 


[23] 


Power used by boiler-feed pumps 1 Sle 
0.1851 W i— [ an ~ h’ys) + — ive | 

Po= 60 w per gross kw he hye — (hye — Wipe) 

Power used by boiler auxiliaries: hr — — — - 
P» = 2.0 X 10-* X H kw per gross kw hr — hyp “hh — An 

Power used by circulators: 

Pe = 1.343 X 10-6 X We(he — hre) kw per gross kw (25) Total bled steam, cycle C, without evaporators: 
(1 — As) (1 — Bi) (1 — Cr) 
1— AiR 


(24] 


Total auxiliary-power consumption: (1— mac = 1 — 
Pa = Pp + Po + Pec + 0.005 kw per gross kw 
Loss of useful work by addition of evaporators: 


Et — Ep = (met — mep)(he — hye) + m(hy — hym) At lo 


(26) Where: 


Steam rate for cycle An: 


Wan = lb per kwhr —hn 


HAn 
— hia — + (hin — 


Steam rate for cycle A’: eee 


(ht — — ma Aha) a’ (28): 


Wa’ = 


Steam rate for cycle B: 
Ww HB lb per kwhr A= [ ] 
— Wp + my — om) Jc 


) 
Steam rate for cycle C: hs — hy: a 


Hc 
We= (hi — Ine lb per kwhr (29) Total bled steam, cycle D, without evaporators: 
(15) Steam rate for cycle D: (~~ — 
t— hye 
(h’fi — (hea — + — h’sa) (hn — hp) 
(in — hp) (hrs — ha) + (hn — hp) (an — 
(16) Steam rate for cycle E: — h’sa) (ha — hys) + (hys — hfe) (hs — 


+ 
hs —h ha — hye) — (hys — hi’, hs — hs) 
We= lb per kwhr 16 (hs a) (he ve) ive 
(30) Where: 
(17) Heat rejected to the circulating water: 1 fhm—ha 
He = H — 3564 Btu per kwhr Dz: L he — Aye An — hn 


(18) Volume of exhaust steam: x — — hy) + — (Chri — 
hyge cu ft per kwhr hn — ha — hy1)(hr2 — — (hy — hy2) (hex — hp) 


Wp= lb per kwhr 
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21) 

| 
(7) 

@) 
(9) 

(10 

= ———|..... [27 

= ! (12 Li =|. 
(13 

“ 

he — hee 
[29] 

5 } 


LP hk: — hr 
Dz L hte — hi het 
_ — — hye) + — h’ss) (hn — hp) 


— — — (hy: — hyo) (Rez — hn) 


(31): 


[31] 


(32): 
hi — hy: + hei 
he hyt 


hni - hn hn — 
he— hye in — hy 
h's2) (hre hp) + — (hn x 


D; = 


— hye ira hpi) - 
hn — (hn hn) — — (hp: — (hr2 — hn) 
hi — hyt + hee hrs h’r2)(hr2 — hy) + — h’ss) (hr — Api) 
hr — hye (hry — hn) (hr2 — hy2) — — — hin) ] 
[32] 


(33) Total steam bled, cycle EZ, without evaporators: 


mem = (As + Bs + Ca) + [33] 


(34) Where 
An hr — h’s2 — 


A 
hi — hn — hye h: — hy: 


[34] 


— , — hfe hs - — hys 


= 
hs — hy: hs — hys hs — hye 


[35] 


(36): 


AR hi — hye 
[ hi — het — 


— 
hi — hp 


— ha 
he — her 


[36] 


hys hy — hs 
hs hf2 ha — hys 


he — hye hs — hys 


no he — hs — hyo 


[37] 


Formulas for the change in total steam bled with cycles Aj, Ae, As, 
and A, follow readily from Equations [19], [20], [21], and [22], re- 
spectively, by rewriting each of these equations with m = 0 and sub- 
tracting. The resulting equations follow: 

(38) Increase in bled steam by the addition of evaporators, cycle Ai: 

x [hin — hye + hm 
[38] 
(39) Increase in bled steam by the addition of evaporators, cycle A:: 


m 
(hp — 


(met — Mep) = - 


— hfe— (hyz—h 


— + hm — hye — (hy: — h'p) he 


(met 


(40) Increase in bled steam by the addition of evaporators, cycle As: 


m 
(met — ™Mep) As = he 


hs — hye — (hys — h’ss) 


h 


(41) Increase in bled steam by the addition of evaporators, cycle As: 


h'js + hz — hm 


Mep) As = 
he — hfe (hys 
— hp hs — hs — 
hi — ha — hs — 


(met 


[ — Wp + hn — hym) 


hs — hye hs — hs — hys 
he — hye hz — hs — hfs 


h 
the Cha — -- = 


— hys 


+ — + he — hm) + — hip) 


[41] 


Appendix III 


_ The following is a chronological list of extensive papers appearing 
in the last ten years on steam cycles and related subjects: 
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Discussion 


M. G. S. Swattow.® While the contents of the paper and, in 
particular, the graphical presentation of the turbine and plant 
heat rates given in the Appendix for the various cycles considered 
are of considerable interest for purposes of comparison among 
themselves, there are certain points which need to be cleared up 
if these results are to be comparable with those obtained in 
plants which do not exactly conform to those considered in the 
paper. The curves giving the turbine heat rates would seem to 
be of more value than those giving the plant heat rates, as the 
latter from their very nature must be based on assumptions such 
as load factor, variation in turbine efficiency when the load is 
different from the economic rating, power consumption of auxilia- 
ries, boiler-house efficiencies, etc., which factors vary consider- 
ably in different cases. It is not clear from the paper whether 
the alternator efficiency has been included in the turbine heat 
rate, and in order to enable the comparison of the authors’ 
curves with other figures to be made, the alternator efficiency 
which has been used would be of interest. 

In the section on the variations of the kinetic energy of the 
exhaust, the authors state that allowances for exhaust losses have 
been made on the basis that the turbine is designed for the opti- 
mum pressure distribution and the most economic exhaust area 
when operating without extraction. They then calculate the 
exhaust losses, taking into account the amount of steam ex- 
tracted. While the reduction in turbine efficiency under the 
normal condition of extraction may not seriously be reduced by 
proportioning the blading for operation without extraction when 
the feed temperature is low and the amount of steam extracted 
therefore small, for plants with four-stage feed heating and a 
final temperature of 350 F the amount of steam passing to the 
condenser will be some 15 per cent less when operating extracting, 
and the resultant loss in efficiency due to a less favorable pressure 
distribution along the blading may well reach the value of 1 per 
cent. In the consideration of those cycles where additional steam 
is bled off for air preheaters, evaporators, or steam reheaters, 
this discrepancy obviously becomes greater. A comparison has 
been made between a 48,000-kw economic rating two-cylinder 
1500-rpm turbine operating with steam at a pressure of 600 Ib 
per sq in. gage and temperature of 800 F, exhausting to a vacuum 
of 1 in. Hg. abs, for which the design data were available, and the 
corresponding figures from the curves given in Fig. 17 of the 
paper. The turbine is of the impulse-reaction type having a 
single two-row impulse wheel with nozzle governing at the high- 
pressure end, the rest of the blading being of the reaction type. 


8 Director, Richardsons, Westgarth & Co., Ltd., 
gine Works, Hartlepool, England. 
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On a basis of four feedheaters with a final feed temperature of 
356 F, the heat consumption at the economic rating with an alter- 
nator efficiency of 97.71 per cent would be 9630 Btu per kwhr. 
From Fig. 11 the optimum feedwater temperature would be 375 
F, and the correction to be applied to the curves in Fig. 17 for 
the lower feed temperature of 356 F would be about 0.1 per cent. 
Fig. 17 gives the turbine heat rate as 9800 Btu per kwhr, which 
with the correction would give 9810 Btu per kwhr. This is 
about 1.85 per cent higher than that of the design of turbine on 
which the lower figure is based. If the alternator efficiency is 
not included in the curves given in the paper, this difference be- 
comes about 4.15 per cent. 

It is unfortunate that for only three out of eight examples 
given in Table 1 actual plant efficiencies are available for compari- 
son with the computed rates. It would be interesting to know 
the actual turbine heat rates for those cycles and conditions 
which are based on existing stations. 

In the consideration of cycle C with boiler-room reheat, the 
losses in the reheater and auxiliary pipe work must vary consid- 
erably with the relative position of turbine and boiler plant, and 
to some extent with the pressure at which reheating is carried 
out. Additional pressure losses are entailed in the provision of 
cut-off valves on the low-pressure cylinder to prevent the turbine 
from running away after the main steam valve is closed owing to 
the large volume of steam contained in the reheater and its pipe 
work. These factors have a considerable influence on the frac- 
tion of the theoretical reduction in heat consumption consequent 
upon an introduction of reheating which is actually obtained in 
practise, and the question must be carefully investigated with 
due regard to the local conditions prevailing before reheating 
can be adopted as an economic gain. In any case, as the authors 
point out, the load factor is of great importance in estimating the 
practical economy resulting from the use of reheating plant. The 
comparison of a number of cases of actual turbine heat rates 
with those computed from the results given in the paper for the 
relevant conditions would go far toward increasing confidence 
in the applicability of the turbine-heat-rate curves to actual prac- 


tise. 


o= 

Mr. Swallow’s discussion brings out several points of interest 
that might have been more fully covered in the text. 

Of these the alternator efficiency used certainly should have 
been stated clearly, and the authors offer an apology for this 
omission. The turbine heat rates given contain an allowance for 
an alternator efficiency of 96.5 per cent. In addition, losses in the 
turbine bearings, oil pumps, and other constant sources are ac- 
counted for. This is the origin of the figure of 3564 Btu per kwhr 
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in Equation [17]. At rated load the turbine wheels develop 
3564 Btu of work for every kwhr of net alternator output, for all 
cycles considered. Of this amount 152 Btu per kwhr make up 
the 3.5 per cent generator loss and the constant losses in the tur- 
bine. These figures were fixed with particular regard to a 
50,000-kw, 1200-rpm, single-cylinder turbine. If the study were 
being repeated now, an alternator efficiency of 97 per cent or 
slightly greater would be used. 

It is very interesting to have the figure of 1 per cent as the 
probable decrease in turbine efficiency when 15 per cent of the 
total throttle steam is bled from the turbine. While a change of 
this magnitude is possible at some loads, computations by the 
authors using diagram efficiencies indicate that at maximum 
efficiency load considered in the paper the effect of bleeding is 
very much less, or about 0.1 per cent. Some exact data on this 
point, using actual instead of diagram efficiencies, are needed from 
the turbine manufacturers. Whatever may be the magnitude 
of this effect, it is not included in the tabulated errors. 

The comparison with the data for a 48,000-kw, 1500-rpm, two- 
cylinder turbine at 600 lb and 800 F brings out in a most oppor- 
tune way the point illustrated in Fig. 1 and discussed in the text 
in connection with the question of compounding (see section 
Accuracy of Results). At 600 lb and 800 F, either a single- or 
two-cylinder turbine might conceivably be used. The results 
given in the paper do not distinguish between these two turbines. 
It is expected by the authors that a two-cylinder turbine would 
be better than the data presented for this region, and a single- 
cylinder turbine would be poorer. 

In this connection, and regarding also the tables of comparisons 
with actual plants in the concluding section of the text, many such 
comparisons have been made with about the same agreement as 
that cited by Mr. Swallow. When allowance is made for the 
difference between his 97.71 per cent alternator efficiency and 
the 96.5 per cent used in the paper, the turbine results are checked 
within 60 Btu per kwhr, or 0.6 per cent. The authors regret their 
inability to give more such comparisons which are authentic. 
Those given in the table are restricted to particularly interesting 
conditions for which reliable data have been published recently. 

Prof. F. O. Ellenwood writes to condemn the use of the term 
““‘heat-cycles” in the title and at other points in the paper. It 
must be admitted that for exactness in terminology “heat- 
utilization cycles’ would have been a better choice. 

It is regretted that other communicated discussions arrived 
too late to be included in the final printing. A discussion by 
Dr. A. DeSmaele, in particular, contains many points of inter- 
est which could not be put into the space available. 

The authors take this opportunity to thank all discussors 


for their interest in the paper. 7 7 ¥ 
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Problems of Modern and Turbine 


This is a general review of the present status of design 
principles which apply equally to centrifugal pumps and 
hydraulic turbines. The author first develops step by 
step the fundamental ideas underlying the theoretical 
behavior of a runner having an infinitely large number of 
thin blades which guide the fluid perfectly. The resem- 
blance between the blading ordinarily used and the wing 
of an airplane has led to analysis on the basis that each 
blade acts as an airfoil. The author points out the many 
limitations of this theory and advocates a new beginning, 
taking as a starting point the theoretically perfect runner. 
By decreasing the number of blades first from infinity toa 
finite but very large number, he analyzes the forces and 
influences that are at work. Although he does not claim 
to have arrived at a final solution, he demonstrates the 
play of one effect upon another, and suggests that further 
experimentation should assist in making proper allow- 
ances for the uncertainties not subject to strict analysis 
and which become more and more important as the num- 


HE design of turbines and pumps 
has been developed extensively dur- 
ing the last l5 years. Possibly the 
progress in turbine design has had more 
recognition because the problems connected 
with the building of hydraulic turbines are 
more commonly appreciated. Pumps are 
usually of comparatively small capacity, 
and serve purposes which do not appeal 
so readily to the popular imagination, 
whereas the conditions for which turbines 
are designed are more exacting and vary 
widely from one installation to another. In many cases special 
effort must be taken to fulfil the requirements of the particular in- 
stallation, in order to adapt the design to the given specifications 
for head and discharge, together with the desire of the customer 
regarding speed. On the other hand, pumps are often manufac- 
tured for stock, as a design once developed may be readily 
adapted to meet special requirements. 
It should be stated that to the present time both branches 
have progressed hand in hand, and are together benefiting by the 


1 Visiting Professor of Hydraulics, Massachusetts Institute of 
Technology. Professor Spannhake was born in 1881 in Germany. 
He had nine years of high school (Humanistisches Gymnasium) at 
Cologne and Mannheim, and four years at the Technische Hoch- 
schule, Miinich, graduating in 1904 with the degree of Diplom- 
ingenieur. He was designing and chief engineer at the Vulcan-Werke, 
Hamburg and Stettin, until 1920; after that chief engineer of the tur- 
bine works of Fritz Neumeyer A.G., Miinich (combined with Brieg- 
leb, Hansen & Co., Gotha). Since 1921 he has been Professor of Hy- 
draulic Engineering at the Technische Hochschule, Karlsruhe, 
Baden, Germany, and from September to April of 1931-1932 and 
1932-1933 visiting professor of hydraulics at the Massachusetts 
Institute of Technology. 

Contributed by the Hydraulics Division and presented at the 
Annual Meeting, New York, N. Y., December 5 to 9, 1932, of THE 
AMERICAN SocIETy OF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


“by WILHELM SPANNHAKE,! NEWTON CENTER, MASS. 


225 


HY D-56-1 


ber of blades is reduced. The final section deals with the 
best conditions for the design of high-speed runners. 
The influence of the principal figures of layout upon which 
both efficiency and cavitation are dependent are discussed, 
and complete curves for efficiency and cavitation coefficient 
are given for three different specific speeds. This speed is 
defined by the same figure for pumps and turbines. He 
feels that both theories in spite of their defects can be used 
to advantage as experimental knowledge is progressively 
increased, and demonstrates that mathematics will throw 
light on a number of vital problems dealing particularly 
with efficiency and cavitation. He suggests for considera- 
tion a special type of profile, and expresses the hope that 
by combining the laboratory with theory, it will be pos- 
sible to realize improvements in existing equipment, and 
finally to build up a strict method for pump and tur- 
bine design meeting properly and satisfactorily all of the 
requirements for high specific speed and small number of 
blades. 


achievements of modern hydrodynamics. Although modern 
theoretical and experimental methods, or rather the ideas upon 
which these methods are based, are successfully used in the de- 
sign of both high- and low-head machinery, it is in the low-head 
design that these are most important. Furthermore, it is true 
that practical ability backed by engineering judgment must still 
take the place of strict mathematical rules and formulas. 

For this reason there are as yet many unsolved problems, but 
in the field of turbines in general these appear to be most critical 
for low-head machines operating at high specific speeds. It is 
the purpose of this paper to discuss these questions without claim- 
ing to give exact and final solutions, but attempting to point out 
the essence of the problems, and to show in which directions the 
answers may possibly be found. 

In order to have a general background for this discussion, an 
understanding of the turbine principle is necessary. 


1 THe TURBINE PRINCIPLE—FUNDAMENTAL EQUATIONS 


Fig. 1 shows a sectional elevation of a vertical runner which 
could be used either as a turbine or as a pump—i.e., to transform 
energy of flowing water to mechanical energy or vice versa. The 
efficiency as one or the other depends primarily upon the shape 
of the blades, but in principle it is possible to use the same 
blading for either. It will be seen that there are guide vanes 
above and outside the runner, whereas in the throat below the 
runner no means of guiding the water is used. 

The arrangement shown is quite usual for turbines, and for 
pumps it is used frequently. As far as an analysis of conditions 
is concerned, it makes no difference whether the flow, approaching 
or leaving, passes through a scroll case or an open flume, or any 
other type of passage. Fig. 1 shows, therefore, only the guide 
apparatus and the runner. 

According to the theory of conservation of momentum, a 
torque will be produced in the shaft providing the runner changes 
the “moment of whirl’ of the fluid. One of the fundamental 
principles of mechanics is that force of impact or reaction in 
pounds is equal to weight per second, which is equal to the dis- 
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charge Q in cubic feet per second, times the weight per cubic 
foot y, times the change in velocity, divided by the acceleration 
of gravity. It follows, therefore, that if the tangential compo- 
nent of velocity viang is substituted for velocity, and force may 
be multiplied by the radius to give torque in pounds perpendicular 
feet, this fundamental law may be expressed by the following 


equation: 
(Viang — (tang 7): 


The torque is therefore proportional to the amount of water 
flowing and to the change produced by the blading in the moment 
of the whirl, the subscripts 2 and ; indicating the conditions after 


ange 


Guide 
Vanes 


Fig. 1 Srectionat ELEVATION oF H1iGH-SpEED oR TURBINE 


and before passing the runner, respectively. From this it fol- 
lows that it is essential for a pump or turbine to produce in the 
whirl an alteration, which is termed the ‘‘deflecting effect.” 

It will be appreciated that to have torque it is not necessary 
that the runner should revolve, as a runner blocked in a sta- 
tionary position would exert a twist in the shaft even though it 
acted on the water passing through it simply as a set of guide 
vanes. When the shaft does rotate, then mechanical work 
either has to be furnished from some outside source, such as a 
motor, or else has to be absorbed in driving some other machine, 
such as an electrical generator. 

In order to be consistent in the use of signs, torque will be con- 
sidered positive when the outside force acts in the direction that 
the runner is turning, since in the case of a pump the moment 
of whirl at exit then exceeds that at entrance, giving the right- 


hand term of the foregoing formula a positive value. On the 
other hand, the torque for a turbine will be considered negative 
as the moment of whirl is reduced by the delivery of energy to the 
outside. 

It should be mentioned in regard to the use of symbols that in 
order to avoid duplication it may be necessary to depart some- 
what from the accepted standard both in America and abroad: 
v will be used for absolute velocity, thus avoiding the c, which is 
regularly used abroad, because to the American mind this letter 
is generally reserved to signify a constant. In order to make the 
formulas more graphic, the components are denoted by the 
subscripts tang for tangential, 4x for axial, rsa for radial, and peri for 
peripheral, etc., rather than to use arbitrary subscripts which 
are not easily remembered by the reader. Subscript ; will de- 
note the conditions at the beginning or entrance to the runner, 
2 at the end or exit, and » the conditions for approaching flow in 
the case of a stationary blade. 

The next step is to multiply both sides of Equation [1] by 
angular velocity w and derive as equation for the power HP: 


Ww f 
= 5509 (Vang — (Utang 7)1 


In exchange for the work done per second, there must be in the 
case of a pump an increase in specific energy of the flow, but a 
corresponding decrease in the case of a turbine. The specific 
energy may be measured in terms of a manometer column of 
height H according to the definition H = p/y + h + v*/2g, 
which means that the energy per unit of weight is equal to the 
sum of the potential and kinetic energy, p being the pressure 
exerted in pounds per square foot, y the density, or specific 
weight in pounds per cubic foot, h is the elevation of the point 
where the pressure is measured, and v*/2g the velocity head. If 
we designate the specific energy of the flow at entrance to the 
runner by H; and that leaving the runner by H; and assume for 
the present no losses, then the power, expressed by Equation 
[2], is also equal to: 


which simply states the familiar expression that power is equal 
to the weight of water falling or raised, times the head. 
By combining [2] and [3], we get the fundamental equation 
of the turbine theory for ideal conditions: 


Now by taking w into the parentheses and combining with 
r2 and 7; to give u2 and %, the velocities of the runner at entrance 
and exit, we have 


— Hy = (viang2 U2 — Vtang1 u)/9 


In the ideal turbine or pump, in which no losses occur, H: 
minus H, is equal to the total or gross head. Actually, account 
must be taken of the head losses. To do so makes [5] become: 


Hz — Hy, = (vtang 2 U2 — Veang 1 u)/g — Hy 


where H; represents the losses expressed in terms of head. 
Keeping in mind the convention in regard to signs, it follows 
that in the case of pumps (H; — HM,) is positive; that is to say, 
there is a positive increase in the energy of flow. In the case of 
turbines it is negative, as there is a decrease of energy which is 
transformed into mechanical energy delivered to the shaft. In 
the case of pumps the power supplied must always be greater 
than the power delivered to the water on account of the losses, 
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whereas in the case of turbines the cndlinmmn ane To 
adopt a shorthand expression for that head which regardless of 
leakage losses, bearing losses, and disk friction corresponds to 
the torque absorbed or developed by the shaft and referred to in 
this paper as the net or effective head, we set H, — H, + Hy 
A?H. Making this substitution, we arrive at the equation 


AH = (Vtang 2 Ue Vtang 1 u:)/g 


which is fundamental to the design of turbines and pumps. oa : 


2 Discussion AND APPLICATION OF THE FUNDAMENTAL 
FORMULA 


The values of vtang in Equation [7] are to be considered as 
averages with respect to time and space existing in the free 
passages of the turbine or pump, before or after, or even between 
the blades. The initial whirl moment (tang 7); in a turbine is 
created by the discharge through the guide vanes, and is deter- 
mined by their angles and opening, whereas the final whirl 
moment (vtang’)2 is governed essentially by the discharge, the 
angles of the blades, and also the cross-sectional area and speed 
of the runner at its outlet. Fluctuations in smooth flow are 
caused by the interference of the runner blades and the guide 
vanes, but these may be neglected, at least for the present, even 
though it has been shown that they can create vibration if con- 
ditions are proper.(1)? These whirl moments vary also from 
place to place, because it is necessary to have a finite number of 
blades, and it is just for this reason that there are many diffi- 
culties in determining exactly the amount of deflecting effect 
exerted by any system of blading upon the flow. 

In the development of the elementary theory, this difficulty 
was avoided by assuming the number of blades to be infinitely 
high and the blades themselves to be infinitesimally thin. Thus 
the fluid when passing through the system is guided exactly by 
the blade surfaces, and so the angles of relative discharge with 
respect to the blades may be taken as equal to the blade angles. 
In addition, a uniform exchange of energy is assumed for all . 
layers or filaments of flow. This is equivalent to the assumption 
of a constant value of (vtang7) in all passages where no blades or 
vanes, or other devices such as the scroll case, influence the flow, 
an assumption which is only true for ideal conditions. 

Now in order to apply formula [7] in adopting a proper design, 
it is necessary to select from all possible values of whirl moment 
those which promise to be conducive to best efficiency. In the 
case of pumps there are, as a rule, no guiding devices such as 
vanes or scroll cases ahead of the runners, and therefore the ini- 
tial whirl is generally taken as zero. In other words, the flow 
is assumed to approach the runner with purely axial or radial 
motion, or a combination of both. 

From this it follows that A,?H is equal to w/g(viang 7)2. 

On the other hand, turbines are usually designed to secure an 
axial discharge from the runner. Hence, in this case, the (vtang 7)2 
is equal to zero, and A,?H is equal to w/g (viangr):. The meaning 
of this is that, for both turbines and pumps as ordinarily designed, 
the difference in energy between outlet and entrance, which is 
proportional to the effective head, is dependent upon the value 
of the moment of whirl in the transitional passage between the 
runner and the guide apparatus, and also upon the angular ve- 
locity of the runner. 

A given value of (viangt) may be made up of a large tang and a 
small r, or vice versa, and consequently different designs can be 
derived for definite specific speeds. To compare these ideas 
with American practise, let us rewrite formula [7] in the form 

AYH = wryang/g, U and Vieng referring to the conditions at the 
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entrance of the turbine or the outlet of the pump. Introducing 
now a ratio m = Viang/u, Which is a characteristic of the velocity 
diagram, and by substituting mu for viang, we then have A,?H = 
mu?/q. 

Furthermore, in American practise it is common to use the 
coefficient ¢, which is the ratio between the peripheral speed of 
the runner and spouting velocity corresponding to the head, 


u/V 29 

Still assuming that there are no losses, u = oV 294:2H. 
Squaring, we have ¢?2gA4,7H. Transposing, 
u?/2g¢2, which, as shown, is also equal to mu?/g. By canceling 


1 1 
u? and g, m becomes equal to — and ¢ = Von Both m and 
2¢? 2m 


are characteristic of the velocity diagram, and their special sig- 
nificance will be shown later. 


3 Mopern Point or ViEWw REGARDING THE UNDAMENTAL 
FoRMULA 


Modern high-speed runners must be designed with but a few 
blades which are not excessively long, as otherwise the high rela- 
tive velocities would cause too high skin friction and the effi- 
ciency would be impaired. Therefore, it cannot be assumed that 


blades can be made to guide each filament of flow exactly, or 
that the values of viang7 can be computed exactly from the dis- 
charge, the speed, the cross-section, and the blade angles. 


(a) Pump (b) Turbine 


R, 
Fie. 2 Cone CC’ or Fie. 1 DEVELOPED 
(Showing blade profiles and relative stream lines for a pump and turbine.) 


In this connection it is very important to bear in mind that 
modern turbine blades operate with a considerable difference in 
pressure between their two surfaces. This difference may be 
termed the “blade differential pressure” and will be designated by 
Ap. To understand its significance, the expression for torque 
should be derived in another way. Fig. 2 is the development of a 
cone intersecting the blading along the line CC’. Two usual 
shapes for the blades are shown, the direction of rotation being 
the same for both. The circle PP’ corresponds to the point P 
in Fig. 1, located in the horizontally cross-hatched area A, which 
is a circular projection of the blade against a radial plane. It is 
evident that the torque of the shaft is equal to the unbalanced 
force caused by the effect of Ap. As a first approximation let 
it be assumed that this is uniformly distributed, in which case 
the torque is equal to the projected area, Ap, in Fig. 1 times 
the unbalanced pressure Ap, times the radius re, again multi- 
plied by the number of blades z. This may be expressed by 


Ww 
T = ApA 2? = (Viang 2 — Vtang1 Ti).....-. 
all losses such as leakage, disk, and bearing friction being neg- 
lected. 
It is possible by the use of this simple expression to compute 
the average blade pressure, although this is but an average with 
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no way of telling how it is distributed or divided between the 
push on one surface and the pull on the other. Two facts are 
obvious from Fig. 2: 

(1) As the flow lines approach the leading edge of the blade, 
they are inclined away from the high-pressure side and bend 
toward the region of lower pressure. A corresponding effect is 
present at the trailing edge, and so it follows that the blades must 
be curved more than would be required to satisfy the average 
deflection as computed from application of the fundamental 
formula [7]. This fact, however, does not affect the validity of 
the elementary theory which assumes an infinite number of 
blades and perfect guiding of the stream. 

(2) Along any concentric circle the pressure varies system- 
atically from one side of one blade to the adjacent side of the 
next. Referring to the average pressure as computed from the 
elementary assumptions as zero, the pressure at one end of the 
distance separating two adjacent blades is minus and plus at the 
other, in much the same manner as indicated in Fig. 3. 

This is all well illustrated by comparing Fig. 2, which shows the 
relative stream lines through the blade system, and emphasizes 
the fact that the average deflection is smaller than the curvature 
of the blades, with Fig. 3, which shows the corresponding pressure 
distribution with varying pressure from the leading surface of 
one blade to the trailing surface of the other. Also in Fig. 3 there 
is plotted the relative velocities w, which are greater in the regions 
where the pressure is lower and vice versa. 

Figs. 2 and 3 represent the conditions on the average surface 
of revolution DD’ along which lies the paths of the filaments of 
flow and to which the cone CC’ is tangential. It has been as- 
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Fic. 3 PressuRE AND RELATIVE VELOCITY DISTRIBUTION FOR 
BLADING SHOWN IN Fia. 2 


(b) Turbine 

rome 


sumed that this surface of revolution can be replaced by the cone 
for the purpose of illustrating the conditions as existing in the 
flow. On every other such surface of revolution similar con- 
ditions exist, and so it is evident that the distribution of blade 
pressure is actually not uniform, as was assumed in Equation [8]. 

It is furthermore obvious that the pressure difference Ap at 
the leading and trailing edges must be zero, because such a differ- 
ence can only exist when sustained by a material surface or body. 
Thus the blade pressure must drop to zero at the edges of the 
blades. In order to compensate for this reduction, below the 
average, the maximum values must naturally exceed the average. 
The actual distribution of blade pressure will be shown to depend 
upon how the flow exchanges its energy with mechanical energy 
during its passage between the blades. This exchange is deter- 
mined by the rate of increase or decrease of moment of whirl 
(Vieng 7), aS Shown by Equation [2], which is valid for intermediate 
partial distances between the outlet and inlet of the runner. 

The value that has been taken for the moment of whirl (vtang 7) 
has been understood to be an average for all the filaments of 
flow in the space between two blades. It corresponds to the 
intensity and direction of the average relative flow which na- 


turally is dependent upon the shape of the blades, especially the 
radius of curvature at any particular point along the contour. 
To illustrate this, in Figs. 4 and 5, two curves showing different 
types of variation in the average value of (viang 7) and the corre- 
sponding distribution of blade pressure are plotted against the 
developed distance aa’ of Fig. 1. Closer investigation shows that 
Ap is proportional to the slope of the curve representing (tang ”). 
Although these diagrams are equally applicable for pumps or tur- 
bines, they do not intend to show the exact conditions for the 
shape of the blades illustrated in Figs. 2 and 3, but they do show 
how the distribution of Ap is affected by the rate of change of 
moment of whirl, which in turn is proportional to the rate of 
change of total energy H. 

As before mentioned, even if the magnitude of Ap at each 
point of the blade is known, so far there is no way of determining 
how it is proportioned between surplus of pressure above the 
average on one side of the blades and deficiency below the average 
on the other. As a first approximation it could be assumed that 
it would be divided equally so that Ap/2 would represent both 
the surplus and the deficiency. Based on this assumption, and 
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Figs. 4 aNnp 5 RELATIONSHIP BETWEEN CHANGE IN MOMENT OF 
WHIRL AND DISTRIBUTION OF DIFFERENTIAL BLADE PRESSURE 


also allowing that there is a reasonably small deviation from uni- 
form distribution of Ap over the entire projected area, it would 
be possible to design a blade of required properties with respect 
to the lowest pressure occurring in the blade system. It is this 
lowest pressure which is critical in determining under what con- 
ditions cavitation will take place. 
further in a later section. 


This idea will be discussed 


(See sections 7 and 9.) 7 7 


If we again consider the flow in that layer represented by aa’ 
in Fig. 1, and as developed in Fig. 2, it is evident that each blade 
operates under conditions which are very similar to that of an 
airfoil or wing of an airplane. In fact, there is a strong re- 
semblance between the cross-section of a blade and the shape of an 
airfoil. Furthermore, such a wing has a surplus of pressure on 
one side and a deficiency on the other, as indicated in Fig. 6. 
The side having the higher pressure is marked plus and the other 
minus. As a result of this distribution of pressure, there is pro- 
duced an effect which in aeronautics is called “lift,” but for 
blades it may better be considered as a thrust which is perpen- 
dicular to the direction of the approaching flow. The other 
component at right angles is called drag, or resistance to flow. 
In an ideal fluid the lift is the only reaction acting upon the wing 
or blade, but in a real fluid the drag component exists and must 
be taken into account. 

On the high-pressure side of the profile the velocities are some- 
what lower than on the low-pressure side. In Fig. 6 the stream 
lines have been drawn to indicate this fact by having the dis 
tance between each pair of lines so that there will be the same 
partial discharge. It will be seen furthermore that the stream 


4 ANALOGIES TO THE AIRFOIL THEORY 
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lines approaching and leaving are deflected in the direction indi- 
cated by the two arrows by the effect of the pressure gradient 
around the edges. 

A most significant difference between the behavior of a single 
wing and the blades of a turbine or pump is that in the case of the 
latter we must deal with a series of profiles arranged in circular 
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Whatever the result of such investigation may be, we could 
determine the torque in the shaft and, in consequence, the effec- 
tive head absorbed or created by the runner, if we could only 
know the magnitude and direction of the resulting force caused 
by the reaction against the deflection of flow working upon each 
individual circular section. If, furthermore, we could obtain 
information from experiments made with profiles under simplified 
conditions, we possibly would have a good foundation for a 
theory of few-bladed axial runners. 

A great many experiments have already been made for the 
purpose of investigating the airfoil theory. Wings or vanes 
having special profiles have been held in a fixed position opposed 
to a uniformly approaching flow. For a thin layer near the 
central plane normal to the width of the body and parallel to 
the approaching flow, the action can be considered to take place 
in a single plane, and the lift Z and drag D may be computed 
from the experiments. (4) 

It is obvious that conditions for the radial arrangement are 
so different that the results of such experiments cannot be trans- 
ferred directly without investigating very closely the corrections 
to be applied. An at- 
tempt to make this 
transfer may not be 
worth while; it may 
be better to experi- 
ment in the first place 
with a radial arrange- 
ment of blades, or else 
to apply special theo- 


> 


similar to Fig. 7, except that it has been drawn for an axial blade 
arrangement. The result of developing a flow layer is a straight 
and infinitely long series of profiles parallel to each other. Such 
a series may likewise be used to study the influence of the pre- 
viously mentioned details by considering that the flow in the 
thin layer represented by the cylindrical section, having a thick- 
ness of dr, is identical with a similar section AA’ in Fig. 7. In 
the axial runner, each cylindrical section is different from the 
others in angles, pitch, and shape of the blades. It is therefore 
necessary to investigate whether or not, and under what con- 
ditions, the flow in one layer influences that in the neighboring 
layers. 


flow, see Fig. 9, having an average radius r and a thickness dr 


retical calculations. 
Certainly in the case _ 
of the axial as con- FicG.8 AxIAL ARRANGEMENT OF BLADES 
Raptan ARRANGEMENT OF BLADES f / 
formation. It was seen in Figs. 1 and 2 that sections of the — 7 i 
profiles cut by a layer of flow extend over circles of differing ra- NY Guide \lanes 
dius and the angle formed by an element of the cone, and the 
shaft may have any value from 90 deg to 0. It would be well to ‘ 
consider first the two extreme conditions: dr 
(1) A radial arrangement of profiles is shown in Fig. 7. The 
surfaces of the blades are cylindrical, and the flow is bounded by 
two parallel planes normal to the shaft. For each plane parallel Runner — 
to the bounding surfaces, there are assumed to be the same con- — 
ditions of flow, and furthermore, the flow is two-dimensional— 
i.e., it can be represented on a single plane. This arrangementis \ 
used for runners of high-pressure centrifugal pumps, and is use- — > ‘ : 
ful for studying the influence of the number, shape, and angles of | a) ; | 
the blades upon the torque and head under different Guide’ Vanes 
of discharge and speed.(2) Such a series of blades may also be ; 
assumed to represent approximately the conditions of flowinany ; 
given layer, ie Figs. 2 and 3. oi. Turbine Pump ; 
(2) An axial(3) arrangement of blades is shown in Fig. 8, 9 Layers or Raprus r AND dr 


IN ANALYSIS OF THEORY OF AXIAL RUNNERS 


trasted with the radial runner, there is much more reason to 
apply directly, or with few corrections, experimental results and 
so get an approximation of the underlying theory. For this 
reason the next section gives a short outline of how such a theory 
may be applied. 


5 APPLICATION OF THE AIRFOIL THEORY TO RUNNERS OF 
PROPELLER Pumps AND TURBINES(5) 


If we treat, as suggested in Fig. 8, the thin cylindrical layer of 


> 
“Ks 
= 
an ve « 
a 
| 
I 
Ay 
> 
& : 
, 
| 


Slight increase in 


neglected 


96 


TRANS. ACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


which is so small that uniform conditions may be safely assumed 
to exist across this incremental distance, the development of this 
layer may be represented by Fig. 10 for a pump and by Fig. 11 
for a turbine. These diagrams show the cross-sections of the 
blade profiles and the relative flow which can be assumed to take 
place in this cylindrical section. In both cases the inclination 
of the chord of the blades relative to the direction of motion is 
given by the angle @, while the distance from a point on one blade 
to the corresponding point on the next is given by the pitch S. 
The width of the blade is defined by the distance / between two 
perpendiculars to the chord. The height of the blading is given 
by X. 


Wrong 


passing and the discharge area, assuming uniform distribution 
over the entire area. It is customary to consider the tangential 
component of the mean relative velocity equal to the mean be- 
tween the tangential components for w; and w,—that is to say: 


1 + Wangs 
2 


Thus Wm may be determined in both magnitude and direction. 
The lift is taken as being normal to the direction of the average 
relative velocity, while the drag is considered to be parallel to 
it. In this situation this average relative velocity takes the 
place of the approach velocity in experiments with a single pro- 
file,(6) and so ZL acts in a di- 
rection perpendicular toit. It 
will be seen on Figs. 10 and 11 


Wrangi * Wang 


Direction of relative 
flow at exit 


that Bm differs from @ by a 
small angle @. It is further- 
more evident that if Z and D 


are known, the resulting force 
F can be found, and from it 
the tangential component 
can be determined. 
Experimental results give the 
desired values of L and D as 
functions of this angle a, which 


is defined as the difference be- 
tween the direction of the ap- 


Frang resulting from, 
D's is generally 


Direction of relative 
flow at entrance 
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The oncoming flow is assumed to be uniformly distributed and 
approaching at an angle §;, relative to the direction the blade is 
moving until it enters region 1 at a distance of approximately S 
from the tips of the blades. The discharge is likewise considered 
to be uniform after passing through region 2 of like width, and 
leaves at an angle of 62. These two angles correspond to those 


_ which would be required to satisfy the elementary theory. The 


effect exerted on the flow is therefore the same as would be exerted 
by a series of thin blades extending to include regions 1 and 2, 


and having an infinitesimally small pitch. 


The tangential component of reaction between the flow and all 
the blades can in theory be computed from a knowledge of the 
forces acting on a single blade. These forces are determined 
experimentally and are usually stated in terms of the two com- 
ponents, lift and drag. Of course, when the same profile is 
mounted in a series, the conditions are altered, but for the ideal 
flow it may be shown theoretically that the lift is normal to the 
direction of the mean relative velocity wm, which may be deter- 
mined from the velocity diagrams as follows: 

The axial components for all velocities w:, we, 01, 02, Wm are 


; ; as all the same, since these are determined by the quantity of water 
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proaching velocity and the 
chord of the profile and cor- 
responds to the angle of at- 
tack.(7) 

According to the airfoil 
theory, the lift and the drag are 
given by 


Direction of rotation 

L = 


[10] 


where A is the area, which is 
equal to the length I times the 
distance b, between the parallel 
walls of the testing tunnel or 
flume; vo is undisturbed velocity of approach, and ¢ and fa, the 
lift and drag coefficients, respectively, are determined experi- 
mentally as functions of a There is one value of a@ for which 
the ratio of drag to lift is a minimum, and which will he seen to 
be desirable to approximate as far as possible in the selection of 
blade-design data. 

In the case under consideration, the area is the product of 
ldr, and as Wm corresponds to v, appropriate substitutions in the 
foregoing equations give 


Wm? 
dL = tildry— 
29 


Wm" 
dD = taldr y — 
2g 


In order to make the formulas developed in the course of this 
reasoning the same for turbines and pumps, let us introduce the 
subscripts » for pressure side and , for suction side in place of 
1 and 2 as used previously for entrance and exit. 

To cover a general case rather than the conventional design, 
it will not be assumed that (viang 7). is zero, because it is very pos 
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sible that in the future it will be found desirable to have positive 
or even negative values of moment of whirl on the suction side 
of the runner, even though such practise might require a guide 
apparatus or similar device at the intake of a pump. 
be repeated that in present practise the viang p of a pump is deter- 
mined by the outlet conditions, and for a turbine by the guide 
vanes, whereas Viang « is governed by the inlet conditions of a pump 
and the outlet conditions of a turbine. 

The effect of drag was shown by Figs. 10 and 11 to increase the 
tangential component in a pump and to reduce it in the case of a 
turbine. Now in order to avoid 
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complication and because D is 
generally but 1 or 2 per cent of « 
the lift, it is allowable to negiect = 
it when computing this tangen- 
tial component, but to take it 
into account when calculating 


the losses and the efficiency. 
It will be seen from the geo- 
metrical construction that neg- 


lecting the slight effect of drag 


Wm? 
= fi ldry 29 sin Bm 


+ (« Viang s Vtang p ) S(vang 
It should 
which may be simplified to = o—_ 
» == 
Viang p Viang s — 
> = 2 
u 
Direction of relative 
L flow at entrance 
Region | 1 


It is furthermore apparent from 
the velocity diagram of these 
same figures that 


> 
Direction of rotation 
Wm? = Vax 


2 
Viang + Viang 
+ 
2 


and 


[16] 


sin Bm Vax/Wn. 


By substituting vax/Wm for sin 
Bm in [14], it follows 
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dF rang = l dr 


_ Taking the square root of [15] and substituting it for wmin [17], 


dF rang Vax qe’ + (. ee [18] 


Since force multiplied by velocity is power, which in turn is 
equal to the quantity of water in pounds times the effective head 
in feet, Frang u would equal the effective head A,7H times W. W 
is equal to the density y in pounds per cubic feet times Q in cubic 
feet. per second, which is itself the product of the axial velocity 
vax and the discharge area Sdr. Consequently there is built up 


But being previously shown to be w(vtangp — «)/9; 
& substitution gives 
dF tang U = Vax S dr yu (Vtang p —— UVtang s)/g [20] 
Kither side of this equation expresses the foot-pounds of work 
per second done or absorbed by the flow passing through the 
Space between two adjacent blades. Now combining [18] 
and [20] and canceling vax outside the the radical, as well as dr, 7, 
and g, we get 


> 
Direction of relative 


flow at exit 


BLADING AND VELOCITY DIAGRAM FOR AN AXIAL TURBINE 


Slight decrease 
iM Fhang resulting 
from D is gen- 
grally neglected. 


F 


This equation has been written purposely in such a form that 
the four values which may be considered as known will be on the 
right-hand side, as these must be selected in advance. (Remarks 
concerning this selection will be contained in section 9.) It 
appears therefore that there are three unknowns, the combination 
of which must be constant. 

Assume first that a profile, the properties of which are known, 
is chosen, and it would be advantageous to select first the value 
of ¢ that would give a minimum ratio {2/f:, thus leaving but 
two variables. There are only a limited number of possible 
values for S, as 2xr/S = z, which must be an integer, so / re- 
mains to be determined by trying various combinations until a 
convenient length of blade is found, and then 


all of the values are known which are necessary for the design 
of the profile for this circular section. The subsequent sections 
are analyzed in the same way. In so doing it is possible to change 
the shape and dimensions of the profile in the several successive 
sections, or else to hold to one profile and change only the di- 
mensions to satisfy Equation [21]. Efficiency and strength of 
the blades, together with danger of cavitation, all have to be 
taken into account as governing the selection of these variables. 
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It is now necessary to look further to be assured against cavita- 
tion. It may prove necessary to revise the initial choice of ¢ 
by altering a in spite of sacrifice in efficiency. 
be discussed more in detail in section 9. 


6 Criticism OF THE AIRFOIL THEORY 


In the preceding section there has been discussed the utilization 
of experimental results on one profile for the design of a turbine 
or pump. It should next be considered whether or not such re- 
sults obtained from a single profile are applicable to a series of 
blades, particularly when arranged like the spokes of a wheel. A 
number of theoretical investigations have been made in which the 
fluid has been considered as ideal, but because of difficulties in 
the mathematics involved, such studies cannot take into account 
all the details such as curvature, thickness, etc., and especially 
the drag caused by friction. Consequently, the problem should 
be looked at from the material point of view in order to see what 
can be expected in practise. 

It has been shown in Fig. 6 that when a profile is exposed to an 
approaching flow, there is a definite pressure distribution. In 
the beginning we were concerned simply with the distribution at 
the surface, because it is this alone that determines the lift and 
the drag. To look further and study the effect of mutual inter- 
ference of several profiles upon each other, it is necessary to re- 
member that the elements of pressure increase or decrease at the 
surface are radiating out into the flow. This influence does not 
extend very far as long as the deflecting effect is small, and in 
such cases the disturbances in the pressure field caused by each 
individual blade do not interfere. 

However, there is another very marked effect which results 
from the narrowing of the passages between the blades. All of 
the velocities in the spaces between the blades are increased, 
with consequent general lowering of pressure. Thus the pressures 
that would otherwise be high are decreased, and the low pressures 
on the other side of the blade are still further reduced. The 
effect of this change upon the lift cannot be predicted without 
detailed study of the shape of the blade, but Fig. 12 shows what 
happens in a specific 
case where the wings 7 
of a biplane are ex- 
posed to an approach- 
ing flow with small —~ 
angle of attack. The 
original pressure distri- 
bution for the two 
wings each taken sepa- 
rately is indicated by 
the solid pluses and minuses, while the influence of the com- 
bination of the two is denoted by the broken minuses, --. It 
will be seen that the net effect is that the lift of the upper 
wing is decreased, whereas for the lower it is increased. It 
has actually been found by experiments that the lower wing 
carries the greater part of the weight of the ship. 

For higher angles of attack this effect is less marked as it be- 
comes more and more obliterated by the increasing magnitude 
of the pressures set up by the wings themselves. It is further- 
more evident that this influence is affected by the relative posi- 
tions of the profiles themselves, which may be set farther apart 
or nearer together or shifted longitudinally with respect to each 
other. As a rule for all angles of attack, profiles arranged as 
shown in Fig. 12 have a total lift less than the sum of the lifts 
of the individual wings. 

The principal difference between the wings of a biplane and the 
blades of a turbine or pump is that, on account of being arranged 
symmetrically about the axis, the tangential thrust and the drag 
for each must be thesame. It is now a question as to whether the 
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This subject will 
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forces acting upon a single blade of a series are greater or less 
than those working upon a single blade alone exposed to the 
same conditions of flow. The mathematical investigations 
_ previously mentioned(8) unfortunately cannot take into con- 
sideration all of the details which are so essential to this problem. 
‘Such studies are only carried out for a parallel series of blades, 
and the results so derived are valid for but one circular section 
of the actual runner. If there is built up a special runner com- 
posed of a number of parallel series, each of them satisfying the 
design conditions for the corresponding cylindrical section, then 
two problems must be encountered: The first is to determine the 
correct position of the established cylindrical sections with re- 
spect to each other to be sure that the pressure distribution along 
the several contours will correspond to each other and not cause 
cross-flow from one section to another. The second is to see 
whether after all this desired result is possible with the profiles 
that have been selected. 


THEORETICAL VELOcITY DisTRIBUTION AND DEVELOPED 
LAYER OF FLow For A GENERAL TypE OF RUNNER 
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Difficulties do not end here, for the mutual interference of a 
series of blades in parallel arrangement is certainly different from 
that of the same profiles in radial arrangement constantly chang- 
ing in contour from one section to another throughout the dis- 
tance from periphery to the hub. 

It will thus be appreciated that there are many unknown fac- 
tors in the direct application of airfoil theory and experimental 
knowledge to the design of turbines and pumps. Laboratory 
experience with such runners must certainly be called upon to 
check the results of the use of such a theory, and therefore it may 
be questioned whether or not the airfoil theory is, after all, the 
best one upon which to base our ideas. 

In the following section there is given another point of view 
which is based more nearly upon the elementary theory discussed 
at the outset. 


7 ANOTHER THEORY FOR RUNNER DESIGN 


The fundamental assumption in the airfoil theory of design is — 
that similar conditions exist for a single blade exposed to ap- 
proaching flow as exist in the blading system of a runner. An- 
other way of looking at the problem would be to begin with a 
consideration of a theoretically perfect system having an infinite 
number of thin blades, and then study the corrections that are 
necessary when the number of blades is reduced to a finite and 
finally to a very small number, while at the same time their 
thickness is correspondingly increased. The blades are initially 
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taken as geometrical surfaces, representing the relative flow at 
any point in the space occupied by the runner. As such a 
method of establishing a logical theory, susceptible to check by 
progressive experimentation, is valid for all types of runners, there 
has been selected for illustration the general type shown in Fig. 13. 

The same conventions in regard to subscripts p and . will be 
observed as explained in section 5. It should be remembered that 
this is a discussion of a general case, and so (vtang 7) is not assumed 
to equal zero. 

“The first step is to consider how free flow would pass through 
the annular spaces between the hub and the casing if there were 
no blading at all. The free flow may be considered to follow 
along meridians of surfaces of revolution, and the velocities 
therefore are desig- 
nated as Umer. The 
theory of an ideal flow 
allows us to figure out 
the velocity distribu- 
tion, taking into ac- 
count the effect of cen- 
trifugal force caused 
by the curvature of the 
stream lines.(9) ‘Fig. 
13 shows also the ve- 
locity distribution in 
one of the cross-sec- 
tions of this annular 
passage. This velocity 
curve should next be 
corrected for the effect 
of skin friction and tur- 
bulence.* So far this 
ean be done only by comparison with experimental results in 
similar cases. The author has started systematic tests in his 
laboratory at Karlsruhe to study the velocities through annular 
passages in a region of turbulent flow. Fig. 14 shows such a 
diagram for four straight pipes having the same diameter, but 
three of them having cores of different diameters. These results 
can be applied to propeller turbines, and the axial flow bounded 
by the throat ring and hub, although theoretically uniform, should 
be corrected in the light of these experiments. 

Fig. 15 shows a corresponding diagram of velocities actually 
measured in an annular passage used for centrifugal pumps. 
The velocities for an ideal fluid are plotted in dash lines to show 
the contrast with the actual in solid lines. The change of shape 
of the curves for different cross-sections depends upon whether 
the flow is being accelerated or retarded. 

Such tests should be made to cover a sufficiently wide range of 
conditions, and a theory should be evolved which would enable 
us to predetermine the velocity distribution in actual installa- 
tions. So far it is necessary to depend upon estimates and judg- 
ment. 

It follows that if the velocity distribution is altered, then the 
stream lines would have to be revised so that there will always 
be the same partial discharge between each adjacent pair of lines. 

Based upon knowledge of stream lines for free flow, the next 
step is to isolate a thin layer between two stream lines. The 
velocity vmer along the distance X measuring the length of the 
layer along a meridian and beginning at the suction edge of the 
blading is now known. 

In order to study the flow inside this layer of revolution, the 
tangent cone may be resorted to and developed by unrolling, as 


¢ of pipe and core f 
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* The expression ‘‘turbulence” is considered here as the property 
which distinguishes a flow from “laminar” or ‘‘streamline flow.” 
In a turbulent flow the individual fluid particles change from one 
stream line to another. 
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in the right-hand part of Fig. 13. Now the overall increase in 
(Vtang7) is given from fundamental considerations, and (vtang 7)e, 
whatever its value may be, corresponds to xz = 0, while (vtang r)p 
corresponds to x = X and may be so plotted. In the meantime 
Viang is a function of xz, and the law by which one varies with re- 
spect to the other may be selected arbitrarily, but the conse- 
quences of such selection must be investigated. 

Now if the number of blades is not infinitely high, but still very 
high, the variations in pressure and velocity along the circle be- 
tween them will be correspondingly very small, and it is allowable 
to make a simple but reasonable assumption in this regard. This 
is that the pressure varies linearly over the distance between 
the blades and that the variation in velocities can still be neg- 
lected. Now the momentum theory can be applied to that in- 
cremental volume having the form of a prism extending between 
the front and back surfaces of two adjacent blades, in exactly the 
same way in which it was applied to the average flow at the outset 
of this discussion. 

The cross-section as shown in Fig. 13 is the area drdb, and the 
length is S, or 2rr/z. 

By following the same reasoning as in the development of 
Equation {1], we get two expressions for the small part of the 
torque balanced by the reaction of the flow during its passage 
through that volume: 7 


dx g 


d 
= Umer S db (Vtany r) dx 


The transposition 
from one expression to 
another shows that 
Umer Sdb, the incre- 
mental discharge, times 
the density + is the in- 
cremental weight, the 
deflection of which cor- 
responds to the incre- 
mental change in the 
tangential velocity 


‘Turbulent 
velocity 
distribution 


d 
(vtang 7) dz. 


Likewise in the same 
manner that Equation 
[8] was developed 
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dT = +dbdrr [24] 
By combining [23] and [24], the result is: 
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d 
The term pe (vtang 7) is a measure of the rate of increase of (visng 7) 
along x. If the relation between tang r and z is plotted, then the 


slope of this curve gives an (viang7). It is necessary to keep in 


mind, as brought out in section 3, that Ap at the edges of the 
blades must be zero. When the number of blades is infinite, 
S = 0, and so Ap is indeterminate from this equation, but we 
are not interested in this case. When, on the other hand, the 
number of blades is finite, then Equation [25] shows that 


d 
= (vane 7) must be zero at the edges of the blades. Therefore, 
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whatever may be the relation between z and (viang 7), the curve 
must have a slope of zero at the end-points and consequently be 
S-shaped. 

On the other hand, the average pressure between the blades 
can be computed by an equation which corresponds to Equation 
[7]. 

If we consider H, the specific energy which is increased by 
transfer to the flow from the blades, to be a function of z and 
designate by H, the value at the suction side where z = 0 and 
by H; the value at any intermediate point at distance z from the 
entrance, then we can write ) wae 
He — Hy = (ane — (ane re} [26] 


— Velocity increasing 
et Wp 


Substituting for (pz — p.)/y the expression given by Equation 
[29] and for Ap/2y the expression according to Equation [25], 
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S mer d 
— (Viang 7) 


dx 


The foregoing may be worked out and the results presented 
graphically, but to illustrate the principles involved it is suffi- 
cient to show simply the case of an axial runner. Fig. 16 gives 
the plots of all the functions. In the general case it is necessary 
to consider the changes in r and u between the pressure and suc- 

tion edges, and therefore the 
velocity diagrams which follow 


_vapor pressure 


minimum pressure, 
danger from cavitation 


blades 


Shape for an infinite number 7 
of blades of infinitesimal 


Shape for a 
finite number of 


having a common line for u 
apply only to axial runners. 
This diagram applies for tur- 
bines as well as for pumps, 
simply by reversing the direc- 
tions of flow and rotation as 

indicated and by properly 
Vy for}a turbine shaping the leading and trail- 
U for a turbine ing edges. It is important to 
U for a pump note in this connection that 


for a? pump 


even with many blades it is 
possible and almost inevitable 
that the lowest pressure on 


Ip, 
Absolute pressure, |bs,/sq ft 


number of blades.) 


But by definition 
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therefore 
vz? — v,2 


H.— 29 


[28] 


Combining Equations [26] and [28] and transposing, gives 
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It now appears that if (vtangr)z is a function of z, then the 
value corresponding to any value of z can be found. The mo- 
ment of whirl (vtang7) is determined by the fundamental data. 
The r’s being fixed by the physical layout, both vrang’s may be 
determined, and from them the v’s, since v? Viang? -+ Umer’. 
The h’s also are determined by the height above a datum plane, 
so that with p, known, pz may be computed for ali values of z. 

In the case of a large number of blades the pressure may be 
considered to vary uniformly along the ares connecting the corre- 
sponding parts of two adjacent blades. In other words, one- 
half the pressure difference Ap is a drop below the average pres- 
sure and the other half an increase above it. Thus we are in a 
position to calculate the pressure on the low-pressure side of the 
blade, pmin, since 
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(Together with profile that would be used for runner having a few blades compared with shape for infinite 


some part of the blade will be 
below that of the suction pres- 
sure. The diagram indicates 
that it is this point that is criti- 
cal in determining whether 
cavitation will take place or 
not. 

If the number of blades is made progressively smaller, the as- 


—_-, introduced so far are no longer true and the method 
7) 


must be improved. Nevertheless, as far as we have gone, 
Equation [31] shows that the pressures depend to a large extent 
upon the rate of change in the moment of whirl produced by the 
blades themselves. If in this Equation [31] the values (viang 7) 


d 
_ and an tne r) are taken as average values, it is still valid even for 


~ comparatively few blades according to the momentum theory. 
There is now before us the same problem that appeared in the 
case of the application of the airfoil theory. If the (vtangr) is 
fixed as a function of z in one layer, how is it to be determined 
upon for adjacent layers? It is evident that this cannot be done 
arbitrarily. The general law which must be followed is that in 
the entire blading system the equation 
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must be fulfilled. This equation, which was developed with par- 
ticular reference to ideal flow, can also be applied to turbulent 
flow. The reason why this result is not secured at first is that the 
distribution of vm is first fixed, and the choice of (vtang 7) together 
with the fixed vm determines the absolute velocities v and the rela- 
tive velocities w. This restriction applies only for average values 
between the blades of multi-bladed runners. In the case of a few 
blades it is necessary not only to compare the average values of 
several layers, but also to compare the conditions varying along 
the parallels. 
Again assumptions have to be introduced to simulate more 
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closely the actual conditions. 
that over the distance which separates two blades the relative 
velocity is varying in a straight-line relation, which means that 


For instance, it may be assumed 


the pressure is varying with some higher power. A further as- 
sumption is that the angle that the relative velocity makes with 
the tangential direction of a point on the runner varies together 
with the magnitude of this velocity. 

To allow for these points which are not readily susceptible 
to analysis, simple and reasonable assumptions can be intro- 
duced as the result of experimentation carried out with special 
forms of blades arranged either in a series or singly, or perhaps 
more exact calculations. By such successive approximations a 
method can be developed, the final purpose of which is to estab- 
lish a basis for the selection of the relation between (viang 7) and z, 
and to carry out a detailed determination of velocities and pres- 
sures between the blades as well as upon their surfaces. 

It is necessary, for two reasons, to know the distribution of 
velocities and pressures. In the first place, Equation [32] must 
be satisfied, for if it is not, there will be secondary flows across the 
blades which will lead to additional complications arising from 
the need of considering their radial and axial components. In 
order to appreciate this more fully, it is desirable to consider the 
conditions existing for a straight series of parallel blades arranged 
between two parallel and plane bounding surfaces, as shown 
at the top of Fig. 17. 

Suppose, first, that the blades are identical cylindrical surfaces, 
which means that they have the same profile in each layer parallel 
to the bounding planes, and suppose, furthermore, that the 
flow approaches this blading system uniformly in all of these 
parallel planes. This means that between the blades the flow 
also takes place in a plane, and the pressure along each straight 
line perpendicular to the planes is uniform. Consequently, there 
would be no reason why secondary flow across the blade should 
exist. The variations in tiang, Which here is analogous to the 
Vieng? in the case of runners, are necessarily the same for all 
positions along this perpendicular. 

Imagine, on the other hand, that the blades have different 
profiles, as shown in the lower portion of this Fig. 17. Then the 
distribution of pressure along the perpendicular obviously can 
no longer be uniform, since there would be a pressure gradient 
from one point to another. Consequently, a flow along the 
perpendicular is sure to take place. The variation of viang is no 
longer uniform across the blades, and is therefore analogous to the 
conditions which exist in a turbine or pump runner where the 
blades do not satisfy Equation [32] because of improperly selected 
distribution of ttang 

A second reason for knowing the pressure inside the blading 
system is because it is essential to know not only the lowest pres- 
sure, but its location. This is necessary in order to predict the 
maximum conditions of head or discharge with which it would be 
possible to operate the pump or turbine without danger of cavita- 
tion, as cavitation will take place when the minimum pressure 
approaches the vapor pressure of the water, as indicated in 
Fig. 16. 

There now remains to be determined the shape which the blades 
take corresponding to a given distribution of viangr. For that 
purpose again consider a single layer and suppose the number of 
blades to be very high and the blades themselves to be very thin. 

Under these assumptions, the relative flow in the layer follows 
the curves which are identical to the intersection of the blades 
with the surfaces of revolution forming the layers; we can then 
write (see velocity diagram in Fig. 18): 

* 

Peng U — Omer COE [33] 


from which there follows by simple transposition cot 8 = 


HYDRAULICS 


HYD-56-1 


(u — Vtanz)/VUmer. The angle 8 is considered to be positive and 
always less than 90 deg. 

The fraction on the right side is a known function of z, inas- 
much as tiangr? is known from the fundamental assumptions. 
Therefore, cot 8 and 6 itself become functions of z for this layer. 
From this relation the profile of the blade in this layer can be 
determined by some graphical method, and in the end the sur- 
face of the blade is represented by the intersection of the curves 
with all layers. 

From this arises the main problem: If there are but a few 
blades, how must they be curved to force upon the flow the same 
average deflection as assumed by the choice of the relation be- 
tween Viangr and x? An offhand answer is that they must be 
curved more than determined by the foregoing calculation. That 
means that the blade angle must be exaggerated at the leading 
edge to compensate for the bending effect of pressure described in 
sections 3 and 4 and Figs. 2(a) and (6) and 6. At the trailing edge 
this exaggeration has also to be made to overcome the similar 
bending effect which would otherwise reduce the total deflecting 
effect of the blades. The amount of the correction which must 
be applied for comparatively few blades as compared with that 
for many, must as yet be estimated. In Fig. 16 a comparison 
is shown between the shape which would be adopted for infinitely 
many thin blades and 
the one that would be 
used for a few blades 
of a definite thickness. 
The infinitesimally thin 
blade in this figure has 
been plotted to corre- 
spond with the varia- 
tion of viang With z, as 
shown in this same 
figure. 
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8 ADAPTATION OF 
Boru THEORIES TO Ac- 
QUIRING PROGRESSIVE 
EXPERIENCE AND 
KNOWLEDGE 


Obviously it is pru- 
dent to check any 
theory of runner de- 
sign by model test. 
If such tests do not 
give results in agree- 
ment with the theory, 
it is first hard to find 
out whether it is the 
theory as a whole or 
only the details that are incorrect and then just which details 
these may be. On the other hand, if the results agree with 
the theory with respect to unit discharge, unit speed, and effi- 
ciency, we only know that the composite effect is satisfactory 
while the details may simply mutually compensate. Of course, a 
comprehensive test made with models, especially with prototypes, 
would lead to a more profound knowledge. For example, to 
measure the distribution of pressure on revolving blades would 
help very much to compare the theoretical with the actual con- 
ditions. With small models it is not easy to take such readings 
on the revolving runner. With prototype machines, for in- 
stance on large propeller runners, it should be much easier, be- 
cause of the actual dimensions of the blades, hub, and shaft, to 
allow the arrangement of piezometer holes connected through 
the hub and hollow shaft by the means of small tubes coming out 
at the end of the shaft. Even then it would be decidedly difficult 
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to carry out, either with models or full-size machines, the com- 
plete system of tests which would be necessary to develop a relia- 
ble theory for turbine and pump design—that is, reliable in the 
sense that it could be adapted for all conditions and secure the 
highest efficiency and safety against cavitation. 

It may not be expected that such a theory would result in still 
higher efficiency than those that have been obtained already, for 
example, 92 per cent in Europe at the Ryburg Schwérstadt plant 
on the Upper Rhine, but a more perfect theory would give as- 
surance against mistakes, failures, and disappointments. It 
follows that because it is impossible to run a systematically ar- 
ranged series of tests on turbines or turbine models, for the 
purpose of checking all the details underlying any theory, it is 
necessary to make detailed tests under simplified conditions. 
Undoubtedly a combination of both theories as previously de- 
scribed will prove the best foundation for runner design. ‘There- 
fore, experimental devices, based on the ideas underlying both of 
these, will be needed. For example, the resulting forces exerted 
upon a series of profiles in parallel or even radial arrangement 
should be measured to determine the lift, the drag, and the ve- 
locity and pressure distribution under various angles of approach.‘ 

Such tests should be made with profiles which are intended to 
be used for runner blading, and the difference of the effect upon 
the profiles when arranged in parallel or radial series should be 
determined; in this way the mutual interference can be studied. 
This is one of the two main problems in turbine design. 

The other is to form a blade, having blade pressure distributjon 
Ap as uniform as possible. The success of any effort in this line 
can be verified by taking readings of pressures along the 
blades. (10) 

To analyze the results of tests of these two types, either the 
airfoil theory or the theory developed from infinitely many 
blades may be used, but in either case both must then be cor- 
rected and adapted to the conditions under which the profiles 
are used in the runners. This must be accomplished by actual 
tests themselves, for performance cannot be predicted in detail. 

Other incidental problems, not so essential as those mentioned, 
but still important, should be studied in like manner. For ex- 
ample, one question is how the product viangr generated by the 
guide vanes influences the distribution for free flow. In this 
case the guide vanes overhanging the curb ring cannot give the 
flow a constant moment of whirl if the distribution of velocity 
Umer remains the same as for free flow. An alteration in the natu- 
ral moment of whirl causes a pressure distribution which is not 
conducive to the same velocity distribution as for free flow. 
Hence the conclusion must be drawn that guide vanes over- 
hanging the curb ring change the distribution from that for free 
flow, and therefore must be taken into account in the design of 
the runner. The effect can be studied mathematically, but the 
results should be checked by experiment made with guide vanes 
arranged only in circular or parallel series and with and without 
overhang. ‘The velocity distribution in three dimensions should 
be observed for such flows. (11) 

If it is necessary to arrange the guide vanes overhanging the 
curb ring in order to reduce the over-all diameter of the dis- 
tributer, then there are three questions. Is it necessary to de- 
form the lower parts of the guide vanes in order to get constant 
Vtangr? Is it possible, or perhaps better, to allow some differ- 
ence in viangr and to adapt runner blades to that distribution? 


4A large number of tests have been made in Germany. The 
author, in his laboratory at Karlsruhe, has tests now under way in 
order to compare the effect of several profiles when arranged in 
parallel, with the effect of the same profiles when arranged as tur- 
bine runners. A close mathematical investigation is being made 
at the same time, and attention is called to a very interesting study, 
both mathematical and experimental, by Busmann. 


u 


Finally, is it worth while, after all, to worry about this discrep- 
ancy? Again, in this case, preliminary tests with parallel series 
of blades can be made to study the fundamental principles be- 
fore the turbine as a whole has been designed and tested. 

These examples show on the whole that the study of modern 
hydrodynamics offers a wide possibility of assisting in the search 
for a logical theory of turbine design, especially in the field of 
high specific speed. This does not require in every case tests 
with entire turbines or pumps, but often detailed problems can 
be studied by simplified set-ups, bringing out the essential points 
in a more distinct way than is possible even with complete tests.® 

Naturally, investigations using the remarkable methods that 
have been very successful in the development of airfoil theory 
should be employed in such experimental research work. 

One thing is certain: If we want to operate our equipment 
safely, or to extend the development to even higher speeds, we 
cannot depend solely on the experience of yesterday. We must 
use all weapons of modern hydrodynamics in its experimental 
and mathematical branches, in order to solve these problems. 


9 GeENPRAL Discussion oF Fururge TENDENCIES IN THE 
Desian OF RuNNERS WitH REGARD TO EFFICIENCY 
AND CAVITATION 


All of the foregoing paragraphs have dealt with the problem 
of how to develop a blading system providing the difference of 
the moment of whirl or (viaxg7) is given by its relation to the net 
or effective head. Taking a more general viewpoint, we have 
assumed that in the future there will be a demand to determine in 
advance and control the whirl moment at both pressure and suc- 
tion side of the runner. 

There is now to be considered what should be the selection for 
moments of whirl on the two sides of the runner to suit a given 
specific speed. Although the answer to this problem depends to 
some extent upon the details that have been discussed in the fore- 
going sections, it is well to emphasize some of the essential ele- 
ments in the fundamental layout of the velocity diagram and 
their effect on specific speed. 

(a) Mathematical Background. 

As a starting point it is necessary to have before us a concrete 
conception of specific speed. By definition it is the number of 
revolutions for a homologous machine operating at 1 ft head and 


developing 1 hp* and may be expressed en 


HP*/: 
where n, is the specific speed, n the number of revolutions for the 
actual machine, HP is the horsepower, and H: the head, which 
will be used as a shorthand expression for Hp — Hs. 

Although this formula is very commonly used, its significance 
would be more appreciated if engineers would give consideration 
as to how it is derived. In an attempt to clear away any feeling 
that this expression is mysteriously evolved, let us imagine 4 
given machine turning n revolutions per minute with horse- 
power HP and diameter D. The transfer to the specific con- 


’ The cavitation test stand at the Massachusetts Institute of 
Technology, Cambridge, shows that it is possible to study special 
problems in turbine design under very much simplified conditions. 
The phenomenon of cavitation has been demonstrated in venturi- 
shaped passages having two flat faces and having different angles of 
flare. 

6 These definitions might be given in dimensionless figures in or ler 
to be readily understood internationally, as then they are the same in 
metric or English units. In the author’s book ‘Turbines and 
Pumps” (English translation in preparation) such definitions are 
given. In order to avoid complication in this paper, the terms and 
constants will be given only for English units. 
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ditions is made in two steps: First to unity head and then to unity 
horsepower. 
form as follows: 

Horse- 

power Diameter 
HP D 


HI D 


unity unity D 


Head 
Actual. . 


Reduce to 1 ft head. 1 


n HP'/2 

HP Hi/? 

n HP1/2 


unity 
Reduce to unit HP.. 


In the first step the head is reduced to 1 ft, and so the horse- 
power is changed to HP X 1/H*/* and the revolutions per min- 
ute ton X 1/H' In the second step the horsepower is in 
turn reduced from HP/H’*/* to unity or in the ratio 1/(HP/H'/2), 
so that the diameter must be altered by the square root of this 
ratio or 1/(HP/H*/*)'/:, while the number of revolutions must 
again be changed by the inverse of this latter ratio, since ¢ must 
be maintained the same. Therefore n/H'/? times (HP’/?/H*/*) 
equals n HP'/?/H'/*, 

Not only does this demonstrate that the specific speed can 
easily be deduced without resorting to formula, but the method of 
deduction lays a good foundation for the following paragraphs 
through exercise of the principles of transfer of head. 

Now by separating the expression in Equation [34] into two 
parts, and inserting D outside the radical and 1/D? inside, the 
expression becomes 


Keeping in mind that unit speed m, or the speed of a homolo- 
gous runner at 1 ft head and | ft in diameter, is 
nD 


nD HP 


and that unit power HP,, or the power of a runner 1 ft in diameter 
operating at 1 ft head, is : 


HP 


HP, = 


. it will be seen that Equation [35] readily resolves itself into 
Ns 


The following formulas apply equally well to pumps or tur- 
bines, the only difference being the question as to which head and 
power should be used, on account of the losses. The situation 
can be simplified by assuming for the present an efficiency of 
100 per cent, so that HP = WH/550 = Q y H/550. 

Considering u as the tangential velocity of the runner at the 
periphery, in other words Uperi, it is recalled that a ratio com- 
monly used in American practise is 


For uperi can be substituted rnD/60, so 


= —— or = —7, = 0.00652)... 
600 29H, 600/29 He” 


[40] 


Unit discharge Q, may be defined in a manner similar to WP, 


The changing values may be recorded in tabular | = 


HYD-56-1 


and if the efficiency is 100 per cent _ 


HP, = 


This equation is particularly important as forming the basis 
for the following, in which it will be demonstrated that specific 
speed can be reduced to terms of a few ratios that are characteris- 
tic of the type of velocity diagram and design of runner. 

A given specific speed may be secured as the product of either a 
comparatively high unit speed and small unit discharge, or vice 
versa. High unit speed is conducive to high peripheral and rela- 
tive velocities, and consequent high f:iction losses. On the other 
hand, high unit discharge leads to large losses in the draft tube. 
It appears from this that if two extremes are detrimental, then 
there should be some optimum value of their ratio, or perhaps 
more than one. The problem is now: 

(1) Are those ratios n,/Q; which are used at present really 
the best ones? 

(2) Which ratios should be chosen to suit the higher specific 
speeds that will certainly be adopted in the future? 

When seeking the answer for these questions, it must be re- 
membered that a given specific speed can be obtained by various 
shapes of blades, which are distinguished from each other by 
various combinations of (viang 7)p and (vtang7)s, even though these 
moments may have the same difference. This is not true in 
conventional practise as long as (vtangr)s is considered to be zero, 
but in a general case this limitation no longer applies, and so a 
further question is: 

(3) Which values of (vtang 7) p and (viang 7)s are to be selected for 
a given specific speed? 

Although the questions are pertinent to any type of machine, 
it is desirable to limit this paper to a consideration of purely 
axial runners.’ 

Although any concentric circular section may be used, because 
each layer has to be designed for the same moments of whirl as 
well as the same difference between them, let us consider as the 
one most convenient to treat simply the outer one—i.e., the one 
at the periphery of the runner. 

Now because rp = rs for axial runners, and since u = rw, the 
head may be expressed 

_u 2 
H, — H, = Hi = - (trang p — vrang s) 


We now have use for two characteristic figures in the velocity 
diagram, one of which has been introduced before. These are 
m, the ratio of the difference in tangential velocities viang divided 
by the tangential velocity of the runner, or u, and s, the ratio of 
the tangential velocity at the suction side tang s divided by this 
same u. As this discussion applies to the conditions in the outer 
layer, u will be given the subscript peri, to keep this fact in mind, 
but it should be understood that the other velocities appearing 
in the same equations with wperi are the ones which correspond 
to the conditions at the periphery. Therefore 


_ (rane p — Urang «) 


Uperi 


7 Professor Moody discussed the same problem in 1921, but with- 
out using the details of modern experience in aerodynamics: and | hy- 
drodynamics. See Bibliography, section E, reference 5.  Nipioeat 


Ns = ™mQ,”? — = 0.3368 n; 
\ 
4 
| 
tang 


By substituting in Equation [44] the equivalent of (vtang » — 


Vtang s) 
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or by extracting the square root of both sides and combining and 
setting nD/H:'/? = n 


60g'2 108.4 


Another characteristic ratio in the design of a turbine or pump 
is the relation between the head corresponding to the axial ve- 
locity at the suction tip of the blades and the total head. This 
will be denoted by k 


Vax* 


In case viang s is zero, Which means that s is also zero, k is then 
the per cent that the kinetic energy on the suction side of the 
runner bears to the total energy available. This figure is im- 
portant with respect to efficiency and danger of cavitation for 
turbines, but for pumps it has significance only with regard to 
cavitation. The reason is that the suction line of a pump has 
accelerated flow, and as it is allowable to have the area before 
the runner small, a high figure of k can be used. On the other 
hand, the draft tube of a turbine has retarded flow, and although 
the passage may be enlarged very gradually, nevertheless the loss 
for the same value of k is greater. 

Considering now that the flow may not be axial, the total 
kinetic energy expressed in per cent of the total head is 


Vax* + s? Uperi? 
29H: 


Vax? + Vtang 
29H: 


= (2km + 8?)/2m 


s? 
om 


Now there appears still another characteristic ratio f, the net 
discharge area after deduction for the hub, divided by the area 
of the runner, 7D?/4. Then if Da is the diameter of the hub, 
f = rD*/4 — divided by 7D?/4, which in turn equals 1 
(D,/D)2, and so from Equation [49] it follows: 


| 


from which comes the expression for unit discharge 


= af V 29k = 


DH? 6.308" f 


Now as Equation [48] gives an expression for n,; and Equation 
[51] defines Q,, these values can now be set in Equation [43] to 


give 
we 


which is most important in showing the bearing which the fac- 


tors f, k, and m have on the specific speed. 


First consider f. Although increase in Dj, decreases the unit 
discharge, a larger hub is ordinarily to be preferred because of the 
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difficulty in designing the blades near the hub if it is too small. 
Even though meeting these conditions by improving the design 
at this part of the blade is a means of securing higher unit dis- 
charge, and therefore more power in a given space, let us for the 
present consider f as fixed at representative average value of 
0.75. In which case 


Combining the two facts expressed in Equation [45] al 


Vtang p + Vtang s = (m + 28) Uperi [55] 


as will be appreciated by reference to Fig. 18. Then introducing 


u(s +8) 


=US 


Fic. 1S GENERAL VELOCITY DIAGRAM FOR AN AXIAL RUNNER 


mu for its equivalent in Equation [21] and making use of Equa- 
tion [55], and removing the factor u from the parentheses, we 
have 


l m Uperi 


28 V vax? + Uperi? (1 —m/2—s)? 


which after dividing by u may also be expressed as 


[56 | 


2S (Vax/Uperi)? + 


Keeping now in mind that by definition k = vax/2gH:, which 
transposed is vax = k 2gH:, and also that u? = gH:/m, the right- 


_ hand sides combined give 


Uperi? 
Substituting in [57], this leads to 

V 2km + (1 — m/2—s)? 


By transposing Equation [52] 


Ok = 


m 
+ (1 — m/2— 8)? 


It is desirable to show graphically the meaning of these equa- 
tions by a velocity diagram that is made dimensionless by simply 
dividing all vectors by Uperi as in Fig. 19. It will be seen that 


an. 
2 
Or, because Uperi = ™nD/60 
36009 
is 
4a > 
aN 
= u 
: 
ee 
— 
: k may be replaced and [59] may now be rewritte 
— 


Vrang p — Vtang « Of Fig. 18 become simply m. In the same way 
Vtang s becomes 8, while vax becomes vax/Uperi. By taking the square 
root of Equation [58], this is seen to be (2km)'/*. 

With s fixed, the locus of the left-hand end of the line m is a 
line perpendicular to the base line Uperi/Uperi = unity. The 
locus of the right-hand end depends upon the specific speed, 
since Equation [60] may be written k = (n./79.4)*m*. Conse- 
quently, for a given specific speed, k is proportional to m*. 
Furthermore, as vax/tUperi = (2km)'/?, it is in turn proportional 
to m’/? , and so the lines of equal specific speed will have the form 
shown. It will be seen that this relation is independent of s, 
the significance of which will appear in the following section (6). 


tD 4 


"| 


lines of 


Fic. 19 DIMENSIONLESS VELOCITY DIAGRAM FOR AN AXIAL RUNNER 


(Showing influence of s, m, and specific speed.) 


Such a dimensionless velocity diagram is useful in showing what 
restrictions will be placed upon the actual diagram by a definite 
value of specific speed. 

Equations [57], [59], and [61] also show that the three quanti- — 
ties determining the characteristics of the airfoil section to be 


selected for a blade depend also upon these ratios k, m, ands. — 
It should be remembered that the constants used have been based _ 


upon an assumption of an average value of f, and so apply only 
when f = 0.75. 

(b) Consideration of a Special Profile. 

There is now the question of determining which values of m, 
s, and k should be selected in order to secure both high efficiency 
and assurance against cavitation. The method of solution is to 
develop and analyze equations expressed in terms of these ratios. 
As far as the lowest pressure, which controls cavitation, is con- 
cerned, the same treatment will apply to both turbines and © 
pumps, but the expressions for efficiency will be seen to differ. 


In the general formulas dealing with conditions conducive to © 


cavitation, it is impossible to take into account all of the per- — 
tinent details, principally because the relations of these details to — 
the whole have so far not definitely been determined. Further- 
more, it has never been conclusively established that any one profile 
may be considered superior to all others with respect to cavita- 
tion. Therefore, it is necessary to consider in this discussion 
simply a profile which is known to have properties having a 
strong possibility of satisfying the requirements for good pres- 
sure distribution. It is possible that such a method of attack 
will not give very good efficiency for the first trial, but at least 
the results will be useful in showing the general relations and the 
underlying laws, and so serve as a foundation for further search 
for perfection. 
The profile proposed for consideration has a crescent shape. 
It is formed as shown in Fig. 20 by the ares of two eccentric 
—— and _ be defined by three principal dimensions: l, as 


chord. 
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before, the length between two perpendiculars to the chord, but 
as we do not consider at first any rounding of the edges, l is 
actually the length of the chord itself; t, the thickness; and a, 
the altitude of a segment formed by the chord and a circle passing 
through the middle of ¢ at the center of the blade. As a andl 
define the radius of curvature, the ratioa/l may be considered as a 
measure of the curvature of the blade, and in like manner the 
ratio t/l may be called the relative thickness. 

The property of this profile which is particularly interesting is 
that if it is exposed to flow parallel to the chord, so-called ‘“‘shock- 
less approach,’”’ the lowest pressure will occur at the center of the 
blade, and the pressure distribution will be similar to that shown 
in Fig. 5, which was contrasted with Fig. 4 to demonstrate that 
the maximum value of Ap for a given average can be smaller if 
the distribution is even. The pressure along the blade is given 
for three examples in the lower part of Fig. 20. One of these is 
contrasted with the pressure distribution of an actual airfoil 
having the same total lift, and the superiority of the crescent in 
this respect is readily appreciated. This is particularly desirable, 
for if the reduction of pressure is not only unnecessarily great, 
but also occurs near the leading tip, then in large propeller tur- 
bines the conditions are aggravated by the fact that this point 
of lowest pressure is by the very size of the runner raised con- 
siderably above the center line and so is at a point where the 
static pressure is already low. 
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Fie. 20 CreEscENT-SHAPED PROFILE AND DIAGRAM OF PRESSURE 
DISTRIBUTION 


Such a profile is readily adaptable to theoretical computation 
of pressure distribution, which has later been verified by experi- 
ment, and it has been found that the lift coefficient ¢: in Equation 
[10] becomes 4ra/l for shockless approach. Substituting then 
in the expression {ilbywo?/2g and setting b = 1, we have for lift 
per unit of breadth 


It is very interesting to note that in this particular case the 
l’s cancel, and so the lift becomes independent of the length of the 
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In Fig. 20 the pressures have been given in terms of \, as is 
customary, as ) is useful in expressing the ratio between reduction 
or increase in pressure at various points and the pressure corre- 
sponding to the velocity of the approaching flow. For example, 
the pressure at the nose is always the stagnation pressure or 
exactly +1. The Xd for any point located at a distance of z 
from the trailing edge will be termed dz. Furthermore, if the 
shape of this curve is the same regardless of the velocity of ap- 
proach, that is to say if the pressure at any point can always 
be expressed as a constant times the velocity pressure of the ap- 
proaching flow as long as the angle of attack is the same, then it 
follows that the ratio between dz and the lift coefficient & is 
constant and may be designated by uz. 


The lowest value of \, which may be denoted as Amin, occurs 
for this profile at the mid-point, and is of particular interest. 
Fig. 21 shows its value as computed for various degrees of curva 
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Fic. 21 LamsBpa As A FuncTION oF Lirt COEFFICIENT FOR SHOCK- 
LESS APPROACH AND FOR VARIOUS THICKNESSES OF BLADE 


ture and for various thicknesses of blade. It will be seen that 
\mia increases practically in proportion to fi, and that it is also 
affected by increasing thickness of the blade. Leaving strength 
out of consideration for the present, it is apparent that the 
average relationship between Amin and (: may be represented ap- 
proximately by a straight line having a slope, which is the u 
referred to above, of 0.8. Consequently, for this profile Amin 
becomes 3.27a/l, which multiplied by ywm?/2g gives the mini- 
mum pressure on the blade with respect to the surrounding pres- 
sure, Wm how corresponding to the approach velocity vo. 


Wn? Wm? 
Pmi min 2g 29 

(c) Effect of m, s, and k on Cavitation. 

Having determined the properties of the special profile, it 
now remains to express the lowest pressure in terms of the ratios 
m, 8, and k, for the assumed values for «Sl and yw. Only an out- 
line of the mathematics will be given on account of the lack of 
space. 

Inasmuch as \, for any given point, multiplied by the square 


Ws? Wm? 


of the mean relative velocity, gives the depression below the 
mean pressure then 


29 

for Pm/y may be written ps/y + (ws? — wm?)/2g — 2, x being as 
before the vertical height from the suction side of the runner to 
the point of lowest pressure. 

It also is true that the pressure at the suction edge of the 
blades is equal to the barometric height H», minus the draft 
head, or lift, Hs, measured from the free water surface to the 
lower tip of the blade, again minus an expression which is equal 
to the efficiency of the draft tube e, times the velocity head at that 
point. Thus 


Y 


and so by substitution and transposition, and because under the 
conditions where cavitation is just beginning, the lowest pressure — 
is equal to the vapor pressure H,, we get 


+ Viang 


[66] 
29 


Vax? + We? — Wm? 
29 


H,.— H.— — 


This Equation [67] has been written so that the terms H, 

H, — H, — x, Hs + x together being the draft head to the point 
of lowest pressure and commonly written just H,, the point of 
reference usually being taken arbitrarily, stand on the left-hand 
side, so that when divided by A’,H, commonly called just //, 
they will equal the familiar expression for ©. Dividing the other 
side of the equation by the equivalent of A’.,H, which is equal to 


— (we? — wm?) + Az Wm? 


2M Uperi? 


H.— H.—2 
A”H 


€s(Vax? + Viang 


Because the losses that occur in a turbine or pump have not 
been taken into account, which means that A,’H has to be used 
instead of the total head H; as is customary in determining >, 
and also because ideal conditions were assumed, such as sharp 
leading edges etc., it cannot be expected that the values that 
would be computed from Equation [68] and those which are 
later derived from it, would agree exactly with actual cavitation 
tests. Nevertheless, such formulas are useful in showing gen- 
eral relationships and the effects of variables upon =. 

It is necessary to free Equation [68] from the terms vax, Viang s 
Ws, Wm, aNd Az. Ws? — Wm? may first be eliminated by considera- 
tion of Fig. 18, whereby they may be reduced to the expression 


—s) 


By substituting 2km for vax?/Uperi? and considering that 
Uperi? is equal to s*, then 


Vax? Vtang = (2km 8?) Uperi? 
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divided by an expression which is equivalent to wm. It fol- 
lows that 
Uperi 
wi [71] 
_ Now finally 
wn = u V 2km + (1 — m/2—s)?......... [72] 


and so by these substitutions the basic formula is derived 


+ 


It will be noted that there appear constants which must be con- 
sidered as given: e¢, = efficiency of draft tube, which is not the 
same for pumps as for turbines; S = spacing between blades; 
| = the length of the blade; u (as explained in preceding section) 
= the ratio between \, and £1, as well as the three ratios m, s, 
and k. 

> has been computed for conditions which will be assumed for 
the sake of demonstrating the effect of the ratios m, s, and k, 
not only upon cavitation but upon efficiency as well (see follow- 
ing section (d)). 

Three specific speeds have been selected, 125, 175, and 225. 
Inasmuch as it is well known from experience that with the 
higher specific speeds it is necessary to incline toward narrower 
blades, two ratios of 1/S have been taken for each speed. Be- 
cause these are not the same for each, no final curves plotted as a 
function of specific speed will be shown for fear that they would 
give the impression that only one variable had been changed. 


U/s 2 


2km + (1 — m/2—s)? — : [73] 


[hese assumptions are: 
Specific Wider Narrower 
speed blades blades 
n 
a) 125 1.0 0.5 
175 0.9 0.45 
225 0.8 0.4 


Fig. 22 shows for n, = 175 the values of = plotted against s 
for constant m and gives the picture for turbines and pumps with 
both wider and narrower blades. It should be noted that as 
» decreases with lower values of m, s does not change greatly. 
It is furthermore interesting to see that = continues to decrease 
with diminishing m, so that there is no optimum value of m as 
far as cavitation is concerned. The same was found to be true 
with both the higher and the lower specific speeds, and so it is 
impossible to show the effect of changing speed for best conditions 
of cavitation. The effect will be shown later when the best m 
for efficiency has been determined. 

Comparison of the four panels shows plainly that narrower 
blades are conducive to cavitation and that conditions for pumps 
are more severe than for turbines. 

(d) Influence of m, s, and k on Efficiency. 

As previously mentioned, the question of efficiency for pumps 
and turbines must be treated separately. Therefore, distinct 
sets of equations will have to be developed to suit these two 
cases. In general, however, it may be said that the total losses 
consist of three parts: (1) the loss in the suction line or draft 
tube, (2) the loss in the runner itself, and (3) the loss in the 
diffuser, or in the scroll case and distributer. Inasmuch as head 
loss has previously been designated by H,, these three compo- 
nents will be given appropriate subscripts, Hs, Hyr, and Hyp, 
respectively. 

In computing Hy., the difference between pumps and turbines 
is based upon the fact that in the former the flow is accelerated, 
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whereas in the latter the kinetic energy must be converted into 
pressure. This process is more difficult and the loss is always 
greater. 

For pumps, the loss at entrance under favorable conditions 
could not be expected to exceed that of the good nozzle, which is 
but a few per cent of the velocity head, v.2/2g. Thus Hy, may be 
expressed in terms of a constant c, times the square of the axial 
and tangential components cs (vax? + vtang s?)/2g. For vtang «? 
may be written u*s*, whereas for vax? may be written 2kmu?, so 
Hye = + 87)/2g............ 

In the case of turbines, it is only necessary to substitute in 
place of c, in Equation [74] the expression 1 — és, es being draft- 
tube efficiency referred to in the section on cavitation. Thus 


Hy, = (1 — €e)Uperi?(2km + 8?)/2g.......... [75] 


It may be a question whether e, may be assumed to be con- 
stant for all values of whirl at the outlet of the runner. This 
certainly would not be true for any tube selected at random, but 
experience has shown that at least for small values of s the draft 
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3. in percent 
Fic. 22. or AGAINST s 
tube efficiency can be the same as, or even a little better than, 
that for a straight axial flow. The author in his laboratory at 
Karlsruhe, Germany, has had experience with a special form of 
tube used with a Kaplan runner and investigated by Dr. Kri- 
sam.(12) This tube had an extreme amount of flare, being much 
shorter and more spreading than those proposed by Moody, and 
was especially shaped to avoid the amount of excavation re- 
quired for an elbow tube. The results compared very favorably 
with the straight conical tube that was selected out of a series of 
five as being the most suitable for this particular wheel. It 
showed better efficiency than the elbow tube, and in extreme 
cases of whirl it was even better than the straight conical tube. 

On the basis of this experience it may be assumed that if the 
turbine is not too small, es may be considered to be a constant and 
to have a value of 0.875. 

Consider now the losses in the runner itself which are caused 
essentially by the work absorbed in overcoming the drag of the 
blade passing relative to the water with a velocity of wm. The 
work lost in the incremental layer at the periphery is therefore 
dDwm and must be supplied by the partial discharge passing 
through this incremental layer in the space between a single pair 
of blades. This discharge is therefore vax y S dr, and the head 
loss is Hyr. Consequently, 


dDwm = Vax Sdr Hy, 
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Recalling Equation [13] for dD, which multiplied by wm gives 
dDwm = taldrywm?/2g = yvaxS dr Hyr [77] 


canceling y and dr, and by setting wm? equal u’ [2km + (1 — . 


— s)?]'/* and vax equal uv 2km, then canceling u, Hy, may be ex- 
pressed 
ta Uperi? [2km + (1 — —m/2 


Hr, - 
29 S 


This applies for turbines or pumps, except that for pumps fa 
must be assumed to be slightly higher than for turbines. Fair 
values may be considered approximately 0.015 and 0.010, re- 
spectively. 

On the pressure side the losses again differ for a reason which 
corresponds with that given for the suction side, but reversed. 
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Recapitulating, formulas [74], [78], and [79] may be combined 
and divided by A,’H on one side and by its equivalent m uperi?/g 


V/ 2km 
1 
+ —— [2km + (s + m)?]} 
2m 


In like manner Equations [75], [78], and [80] may be combined 
and written in the form 

Hy _ (L—«)(2km + 8? ) 
2m 


Sa U [2km + (1 — m/2— 
2m 8 V/2km 


m)?} 


c 
+ [km + (8 + 

2m 
These formulas give the losses in per cent of the 


Vs +045 head effectively used so that appropriate adjust- 


ment must be made to express these losses in per 


cent of the total head H;:. Remembering now 


that for a given specific speed, k may be re- 


placed by (n./79.4)*m?, and so given the n, and 1/S, 


¥ 


the losses may be computed for various combina- 


tions of mands. This has been done for three spe- 
cific speeds using the same blade width 1/S as in 
the previous section on cavitation. 


The results for specific speed of 175 are presented 
in Fig. 23, which shows the losses for turbines and 
pumps having 1/S of both 0.9 and 0.45. It will be 
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noted that all of these curves have a minimum for 


some s, and that for a combination of m and s 
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the best conditions, as far as efficiency is concerned, 


are found asillustrated by the minimum of the dotted 
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The same design of water passages that are used for turbine 
draft tubes might be used for pumps except that commercially 
it would not be possible to sell them with the size of diffuser that 
would be required. There is less incentive in this direction in 
the case of higher head pumps with longer pipe lines because the 
high velocity of discharge may be used to save in the diameter of 
the pipe line. In such a case it is not fair to charge against the 
pump the entire loss corresponding to the high velocity of dis- 
charge, but for the purpose of this paper, which deals primarily 
with low-head design, it will be considered that the discharge line 
is short and that it would be desirable to reconvert as much kinetic 
energy as possible into head. Consequently, it will be assumed 
that the efficiency of the diffuser is 0.80. 

From Fig. 18 it will be seen that the discharge velocity squared 
vp? is equal to vax? + (Stperi + MUperi)®. Multiplying the entire 
expression by wUperi? and dividing each term individually by the 
same, and then replacing by their equivalent in terms of s, 
m, and k, gives 


— €p) 


[79] 


Uperi? [2km + (s + m)?]} 
is turbines the expression is similar except that in place of 
1 — e, a coefficient corresponding to that used for the suction 


line of pumps, cp, must be used. Thus 


= [2km + (8 + 


curve passing through the minima of the individual 
curves. The same was done for specific speeds of 
125 and 225, the results being shown in Table 1. 


TABLE 1 VALUES FOR MINIMUM LOSSES (IN PERCENTAGES) 


Pumps 
Losses 


Turbines- 
Losses 


Ns 
125 


175 
225 


1 
1 
1 
1 
1 


ONO 


It should be noted that for higher specific speeds there is a 
tendency for the losses to increase in spite of the beneficial effect 
of the narrower blades. The best value of m decreases with 
increase in m., whereas the whirl s is inclined to increase with 
pumps, but shows no marked tendency for turbines. Further- 
more, it is interesting to see that for the lower specific speeds 
and narrower blades there is an advantage in having the flow 
approach the pump with a negative whirl. 

It must be remembered that when the crescent profile was 
proposed it was not expected that good efficiency could be se- 
cured at the first trial, and so it should not be assumed from the 
table that the values for losses represent by any means the best 
that can be expected. This table is simply to show the general 
tendencies. Furthermore the curves do not represent the per- 
formance that any one runner will give, as it is necessary to alter 
the design to correspond with the changes in the velocity dia- 
grams. 

(e) General Discussion and Conclusions. 

Returning now to Fig. 23, comparison between the four panels 
shows plainly that in general the losses in the case of a pump 


2m 
‘ 
7 6.4 16.6 23.6 0.4. 
3.5 12.8 21.0 —4.6 
13.9 13.2 6.5 24.6 13.9 
10.0 12.4 9.4 18.0 12.6 2.0 
19.2- 9.5 5.0 31.8 9.8 
14.2 8.5 23.5 8.748 
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are greater than those for a turbine. As explained before, this is 
largely because adequate diffusers cannot be provided at reason- 
able cost. It is also plain that in both turbines and pumps the 
narrower blades are more conducive to higher efficiency. This 
should now be contrasted with Fig. 22, which shows the values of 
> for these same conditions. In this respect wider blades are 
more advantageous, since the narrower blades are more conducive 
to cavitation. Consequently, it is necessary to strike a compro- 
mise sacrificing to some extent efficiency for the sake of better = 
In order to give a better idea how Figs. 22 and 23 ‘may be co-— 
ordinated, the corresponding values of losses and 2 
listed for various combinations of m and s, the data being taken 
for the wider bladed turbines. Curves for constant m showing 
> plotted against losses are shown in Fig. 24. 


and the capitalized value of loss in efficiency, it would be pos- 
sible to arrive at the economical solution in the manner indicated, 
and so determine the proper m and s to suit the conditions. It 
would be necessary then to investigate for various ratios of 1/S 
to be sure that all variables are properly balanced to give the 
best results. 

Now that the results showing the proper combination of m and 
s are approximately known, it is interesting to see the effect of 
specific speed upon ¥. In preparing Fig. 25 the m that would 
probably be selected as a compromise between cavitation and 
efficiency has been bracketed by two values between which the 
most economical may be considered to lie. This was done for 
each specific speed, and examination of the diagram shows plainly 
that with higher speed the value of = increases very materially, a 
fact which adds greatly to the cost of setting. It is interesting 
to note that at the same time the design becomes more sensitive 
to having the proper compenent of whirl, and although the 
broader blades have their best value of s at approximately 5 
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per cent, the narrower blades require that the whirl should be 
increased. 

In the interpretation of these curves it should be borne in mind 
that they have been worked out for one profile for which the ratio 
Amin to lift coefficient t: is 0.8. These calculations may be ap- 
plied to another profile providing this ratio is substantially con- 
stant. Equation [73] shows that if u can be made smaller, = 
will be affected favorably. Therefore, there is a distinct ad- 
vantage in finding a profile which will have a very even distribu- 


it will be seen 
from this diagram that if the designer could assign a compara- 
tive value between depth of excavation required to satisfy > 
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tion of pressure similar to that shown in Fig. 5. The foregoing 
suggests that the solution may be in finding a blade shape that 
will have a constant or nearly constant rate of change of whirl 
component. 

Although these curves have been worked out for a special pro- 
file, it should be considered that as long as the distribution of 
pressure in terms of Vo?/2g is independent of the approach ve- 
locity itself, then there is a constant ratio u between the pressure 
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at any point and the lift coefficient. Consequently, as long as 
the angle of attack a@ is maintained by the alteration of the 
position of the blade to suit the changing angle Bm, then the 
method outlined is general and might apply to any profile. 

As a further refinement, it must not be overlooked that the 
point of actual lowest pressure on a runner, particularly one with 
large dimensions, may not be identical with that corresponding 
to \min because pressure is decreased with increase in the distance 
x above the lower tip of the blade. Consequently, it may be 
necessary to determine the pressure of points slightly above 
the one where the lowest pressure would otherwise be expected.*® 


8 Investigations are at present under way at Karlsruhe to deter- 
mine the effect of the shift of the point of lowest pressure with change 
of scale. This shift, the amount of which depends upon the char- 
acteristics of pressure distribution, is one of the principal uncer- 
tainties in transferring cavitation results from models to prototypes. 
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While making calculations for the results shown in Figs. 22 
to 25, the effect of friction upon s was very impressive. It be- 
comes evident that when friction is but a small part of the losses, 
there is little interest in increasing s, but when friction is high, it is 
better to sacrifice loss from increased kinetic energy at the suction 
side of the runner in order to reduce the relative velocity which 
affects the friction loss in proportion to the square. This 
opinion was expressed by the author in his lecture before the 
Hydraulic Power Committee of the National Electric Light Asso- 
ciation, February, 1932,(13) although at that time quantitative 
results were not shown. The value of whirl in the draft tube 
was realized previously by Moody.(14) 

From the fact that high friction tends toward high values of 
8, it may be deduced that the presence of high whirl when a unit is 
operating at point of best efficiency is an indication of high fric- 
tion and possibly defective blade profile. 

It would be interesting to continue these mathematical investi- 
gations to analyze the conditions in the inner layers of the tur- 
bine, but to do so is beyond the scope of this paper. It is hoped 
that the studies that have been made so far will prove useful in 
emphasizing the underlying principles that must be observed if 
successful design is to be secured by means other than by trial 
and error, an evolutionary process that is costly and time con- 
suming. 

In conclusion the author would like to leave the impression 
that the attractive advantages of higher specific speed, which 
open the possibility for hydro development in fields that other- 
wise would be closed, are going to create a demand for further 
achievement. It will be appreciated, however, that the prize is 
not easily won, for with higher speeds the design is exceedingly 
sensitive to having the proper conditions in every respect. To 
realize these advantages it is therefore very necessary that we 
should seek a better knowledge of the problem and solve one by 
one the many unknown factors that have been enumerated in this 
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SYMBOLS 


For convenience, the symbols used in this paper have been listed 
in alphabetical order. 


A = area, sq ft 
Ap = projected area, sq ft 
= altitude of segment formed by chord and mean circle of crescent 
rofile, ft 

b breadth, ft 

¢c = coefficient of discharge applied to intake of pump and distributor 
of turbine 

cg = center of gravity 

D = drag, lb 

D = (also) diameter of runner, ft al 

Dr diameter of hub, ft 

d = sign of differential 

F = force, lb 

f = ratio D? — Dj?/D? 

g = acceleration of gravity, 32.2 ft per sec? 

H = specific energy per unit of weight, ft 

Hy = head lost through friction, etc., ft 

Hys == head lost at suction, ft 

Hyr = head lost in runner, ft 

f = head lost in diffuser or scroll case, ft 

I P = horsepower, ft-lb per sec + 550 

He = H:— H,, total head, ft 

4:tH = net or effective head, ft 

= naa of point of pressure measurement, feet above datum 

plane 

k = ratio between velocity head at suction side of runner and effective 
head 

L = lift, lb 

l = length of blade between two perpendiculars to the chord, ft 

m = ratio between change of tangential velocity and velocity of 
runner 

n = number of revolutions per minute 

Ns = specific speed, rpm 

p = pressure, lb per sq ft 

Sp = differential pressure, lb per sq ft 

Pmin = minimum pressure, lb per sq ft 

Q = quantity of water, cfs 

r = radius, ft 

Teg = radius center of gravity to center of shaft, ft 

Ss = spacing, or pitch of runner blades, ft 

8 = ratio tangential velocity at suction to speed of runner 

T = torque, ib at 1 ft radius - 

t = thickness of blade, ft : 

u = tangential velocity of a point on the runner, ft per sec 

v = absolute velocity, ft per sec 

vo = velocity of approach to fixed profile, ft per sec : 

Ww = quantity of water, lb per sec =; 

u = relative velocity, ft per sec 

X = height of runner from suction to pressure side measured perpen- 


dicularly to direction of motion 
distance measured along X from suction side, ft 

number of blades 

angle of attack, de 

angle formed by ee approaching or leaving the runner with 
reference to direction of motion, deg 

density, or specific weight for water, 62.4 lb per cu ft 

difference 

efficiency, per cent 

drag coefficient 

lift coefficient 

angle formed by chord of blade to direction of motion 

ratio pressure at any point on the blade to velocity pressure 
corresponding to vo 

ratio 

cavitation coefficient 

ratio of velocity of point on periphery of runner to spouting ve- 
locity corresponding to total head 
= angular velocity, cu ft per sec 


Discussion 


ARNOLD Prav.? Much was published shortly before the out- 
break and after the stagnation caused by the World War about 
turbines of high specific speeds. Theories were advanced which, 
on practical application, failed to bring about the expected and 
desired results. Again results obtained in a rather empirical 
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rather than to produce results. 

The actual results obtained by Prof. Dr. V. Kaplan abroad and 
simultaneously to some extent by Forest Nagler in our country 
were gratifying and certainly most valuable for practical applica- 
tion, yet the writer personally was not satisfied to accept them 
without having at least in a simple, practical way an explanation 
of what is actually taking place in a propeller runner. 

Prof. Dr. Hans Baudisch, of Vienna, published in 1914 his 
theory of the so-called suction-jet turbine, which appealed to | 
the writer as having real merit. Unfortunately, a runner de- 
signed purely along his principles did not perform correctly, be- 
cause it neglected other more practical factors, the effect of 
which was fundamental. 

In Prof. Dr. Baudisch’s axial-discharge suction-jet runner _ 
he attempted to compe! the water to decelerate in its relative 
flow through the runner channels. These flared too much, be- 
cause too short; the water could not decelerate as fast, with the __ 
result that it cut loose from the walls of the channels; or in other 
words, it did not keep the channels filled, so that the desired 
deceleration and subsequent suction effect did not materialize. 
The old relation: 


== 


— = C,? <0 


defining the so-called reaction velocity, or reaction pressure 


No 


did not apply, because W, did not become smaller than W;. 
negative pressure p, was produced, so that neither speed nor dis- 
charge capacity came up to expectation. 

In a propeller runner, and particularly in one of a projected 
blade area smaller than the full circle area, we cannot deal with 
actually existing runner channels, because the lower end of one 
blade does not overlap the upper end of the preceding blade. 
Consequently, we cannot speak of a relative discharge angle in 
the sense in which it would permit the use of our old customary 
velocity diagrams. It is here that a pictorial explanation as- 
sisted the writer in obtaining a clearer conception. 

How does the water flow, and in what manner does it leave the 
propeller runner? At the time of his studies in 1916, there was 
no means of obtaining the stroboscopic pictures which are now 
available. The writer’s studies convinced him, however, that 
the most vital process takes place “not within but below” a pro- 
peller runner. This at once pointed to the fundamental diffi- 
culties to be encountered in the use of a propeller turbine. It 
deals with negative pressures, which naturally are limited to the : 
barometric value, whereas overpressure, in case of the reaction 
turbine, and atmospheric pressures, in case of the impulse wheel, 
never become negative, no matter how high the head may be. 

Again using the old relation: 


W2—Wi=C,*jorap 
wehave: 
Reaction turbines: — 
Impulse wheel: = 


Propeller turbines: — Wi? = C,?<0; pp <0 


Taking the values of the coefficients of the diagram 


29 
Ce 
44 
7 
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we find at once: 
29H (W27? — W,**) = 2gHC,"? = bp,’ H 


from which we conclude that in the case of the propeller (or the 
suction-jet turbine directly applicable to Professor Baudisch’s 
theory) the value 


op H<0 
ean attain, or even would exceed the barometric limit B. 


This immediately points out the danger of failure of perform- 
ance of a propeller turbine, when used to operate under a too 
high head or a too high elevation above sea level (B’), or by rea- 
son of design of a too great hydrodynamic suction effect p,, 
aside from the effect of the draft tube. 

It may be permitted to state that it was the realization of these 
effects which prevented the application of the propeller in cases 
where failure of satisfactory performance would have been cer- 
tain. 

In the writer’s paper, entitled ‘Permissible Suction Head of 
High-Speed Propeller Runners,’’ A.S.M.E. Trans., HYD-51-9, 
he has fully explained what in his opinion actually takes place 


Fia. 26 


underneath a propeller runner. Fig. 26 is a reproduction from 
the cover of the March-June, 1931, bulletin of Escher-Wyss & 
Co., Zurich, Switzerland, and plainly discloses the “‘hypothetical 
channel,” with its contraction and subsequent expansion, re- 
sulting in a deceleration of the relative water velocity and of the 
“surface of discontinuity.”” The irregularity of this surface as 
evidenced is caused by the interference of the angle at the top of 
the propeller blades and the actual stream-flow lines of the ap- 
proaching water, as also by the shape of the rear surface of the 
blade, and it clearly supports the necessity of adjusting also the 
runner blades in order to maintain a most favorable efficiency 
throughout, all as introduced by the design of Prof. Dr. V. Kap- 
lan’s adjustable-blade propeller. 

The more nearly the stream-flow lines correspond with the 
angle and the more the rear surface of the blade conforms to the 
conditions of a correct diffuser, the more perfect will be the 
“hydrodynamic suction” effect pp; the smoother also will be the 
surface of discontinuity and the farther removed will be the dan- 
ger of cavitation. 


W. Watters Pacon.!® The paper gives a clear and compre- 
hensive discussion of the general principles of turbine and pump 
design and the problems awaiting solution in this field. The 
suggested use of higher specific speed as a result of better under- 
standing of flow phenomena is interesting. 

In aerodynamics there has been accumulated a vast amount of 
knowledge and data that should help greatly in the hydraulic 
field. The boundary layer, turbulence, form drag, viscous 
flows, and other general questions are coming to be understood 
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much better. The aerodynamic research worker has gone back 
to Osborne Reynolds’ methods and followed new paths. The 
problem of similitude between model and prototype involves 
similarity of geometric flow as well as of body, and the character 
of flow has been found to vary systematically with Reynolds’ 


a 


number, but also with such factors as turbulence, roughness, eddy | 


formation, etc. As the author’s work continues, it is the writer’s 
belief that he will come in time to consideration of the theory of 
discontinuous flow. The author’s work in his laboratory at 
Karlsruhe has already produced valuable results. 

The writer has found evidence of the effects of turbulence and 
what in aerodynamics is called ‘‘burble,”’ and apparent evidence 
of radial flow which may be associated with the varying circula- 
tion along the blade which in airplanes causes “induced drag.”’ 

The writer hopes that this paper will stimulate research and ex- 
periment looking toward the elimination of cavitation and the 
improvement of efficiency. 


R. E. B. SHarp.!!. The writer believes that this work will 
stand as a most important advance in rationalizing the design 
of turbine and pump runners of high specific speed and that it 
deserves careful study. A valuable feature is the consideration 
of both the practical and theoretical aspects. The writer would 
make the following comments: 

As to sections 7 and 8, the writer agrees with the importance of 
establishing the best form of blade for a given layer or section 
through the runner, in order to set up as uniform a value of pres- 
sure distribution AP as possible, in this way establishing the 
coyrect form of the runner blade at this section. 

Whether the correctness of these sections, as demonstrated by 
tested values of AP, obtained from stationary blades, can be thus 
established as holding true also for revolving blades, as in an 
actual runner, would appear to be somewhat open to question, 
although this method of analysis is undoubtedly of considerable 
value in view of the impossibility of determining this pressure 
distribution in an actual runner, as pointed out by the author. 

The author states that, among other incidental problems, is the 
influence of the design and location of the guide vanes on the 
manner in which the whirl moment tiang 7 varies across the space 
between the runner periphery and the runner hub. The writer 
is of the opinion that the manner in which this whirl component 
is distributed is of great importance as affecting decidedly the 
design of the runner blades across this space, in order to deal 
properly with the true values of the whirl moment. Not only 
is it important to consider the design and location of the guide 
vanes actually to be used, as affecting the whirl component on 
the pressure side of the runner, but it is also equally important to 
know the characteristic of the draft tube to be used, as affecting 
the manner in which the whirl moments at the runner discharge 
vary across the radial blade space. Unless some definite informa- 
tion about the foregoing effects of the guide vane and draft tube 
are known, the highest runner efficiency possible cannot be ob- 
tained by knowing the proper blade shape at a given layer or sec- 
tion. 

In section 9 (6), a crescent shape of blade, as illustrated in 
Fig. 20, undoubtedly has distinct advantages theoretically, in 
maintaining a low value of AP maximum. For the central 
portion of the blade, that is, between the periphery and the hub, 
this shape, for the reasons set forth by the author, might well 
be used as a guide. At the periphery, however, the blade shape 
is virtually straight, that is, a/l will be very small, and R, will 
approach a straight line. Here, if the low-pressure side of the 
blade is formed by a radius R:, either the thickness ¢ will be un- 
duly great (resulting in reduced lift) or else the blade at each end 
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will be too thin for strength and construction. Therefore, for 
this portion of the blade a profile approaching the airfoil appears 
reasonable. Near the hub, on the other hand, the relatively 
great value of ¢/l demanded by strength considerations requires 
that the crescent shape be departed from, and that the maximum 
t be near the leading edge in order to give proper streamline shape 
to the trailing edge. This again results in a shape approaching 
the airfoil. 

In Table 1 it is noted that there is no tendency for the dis- 
charge whirl ratio s to become less with reducing values of spe- 
cific speed. In fact, the value of s is greatest for the lowest spe- 
cific speed selected. It is the writer’s experience with both 
propeller and Francis type runners that there is a marked reduc- 
tion, for best efficiency, in this value of s with lower specific 
speeds, this value becoming zero at a specific speed of about 27, 
and below this value becoming negative. It is noted that for 
pumps in the author’s table this tendency does exist. 

Figs. 22, 23, and 25 are most interesting as forming a rational 
guide (for confirmation by actual tests) for the selection of the 
controlling factors in the design of higher specific speed runners, 


at the runner discharge. These figures, however, are for one sec- 


namely, m, which varies inversely with ¢?, and s, the whirl factor a ; 


tion or layer of the runner only, and the departure of the blade 


profile at other sections, from the crescent shape, might result 
in a materially different picture, for the entire runner, from the 
relations shown. 

The author does not bring into his calculations the number of 
runner blades. This factor of course has a very decided effect 
on the efficiency secured. With a given value of l/s, the number 
of blades determines the axial depth of the profile and the rate of 
change from tang p tO Viang s- Therefore an added factor dealing 
with the number of blades would add to the usefulness of these 
data. 


J. D. AND HENRI DeGuion.'* The paper presents 
a number of interesting and useful formulas dealing with the 
design problems of pumps and turbines. The author has shown 
how the theory of Euler can be combined with the airfoil theory. 
The theory of Euler when properly used gives the correct en- 
trance and discharge angles for a runner having an infinitely 
large number of blades of infinitesimal thickness. It does not 
give the proper shape of blade for the practical runner, which 
must have a few blades of considerable thickness. As the author 
states, the blades on the practical runner must have somewhat 
greater curvature than the theoretical runner. It is possible 
that by means of the two theories the correct angles and shapes 
may be found to give the maximum efficiency with the minimum 
danger of cavitation. 

For a turbine, H, — H, in Equation [5] is the actual head work- 
ing on the runner, from which must be subtracted the head lost 
in friction. In Equations [5] to [7] it is evident that it is the 
author’s intention to introduce the friction, but they are not en- 
tirely clear. The friction factor in [6] should be the loss in the 
runner only and not H;, which is the sum of Hy., Hr, and Hyp. 

In combining this with the airfoil theory, the author states that 
it is customary to neglect the effect of drag in computing the 
component, since it is only 1 or 2 per cent of the lift. Is this 
justifiable? The tangential component of the drag is much larger 
than 1 or 2 per cent of the tangential component of the lift, and to 
neglect it may introduce an appreciable error. The error is large, 
especially at the periphery, where the blade angle is small. 

The author states that in an ideal fluid the lift is the only re- 
action acting upon the wing or blade. All forces can be resolved 
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into components parallel and perpendicular to the chord of the 
wing. For the drag to be zero, the parallel components must 
balance. Can this be true? 

The writer agrees that the knowledge as to the correct dis- 
tribution of velocity within the runner is rather meager and that 
here is a field for considerable research. This lack of knowledge 
is a weak point in all turbine theories. How does the author 
arrive at the curve of theoretical velocity distribution shown on 
Fig. 13? 

From formulas [25], [29], and |30] the author designs the 
blades on the assumption that there are an infinite number of 
infinitesimal thickness. He then shows in Fig. 16 that when the 
blades are few in number they must have more curvature than 
the theory would indicate. How does the author estimate the 
correction in curvature? 

In Fig. 20 the author compares the pressure distribution of the 
crescent shape of blade with that of an actual airfoil having the 
same lift and states that the superiority of the crescent is readily 
appreciated. How do the lift-to-drag ratios of these two forms 
compare? What are lift coefficients of the two sections? 


AvuTHOR’s CLOSURE 


(Written at Karlsruhe in December, 1933.) 


In order to answer the different writers, the following remarks ~ 


may be permitted: 

Mr. Pfau’s statement that “the more the rear surface of the 
blade conforms to the conditions of a perfect diffuser, the more 
perfect will be the hydrodynamic suction effect,” does not, in the 
author’s opinion, meet the real conditions of turbines. In each 
turbine, even in a propeller or Kaplan turbine, the relative 
flow between two adjacent blades is accelerated, and therefore 
may not be compared with a flow through a diffuser. Further- 
more, the formation of surfaces of discontinuity should be care- 
fully avoided, which undoubtedly is possible by providing shock- 
less entrance and by proper shape of leading and trailing edges. 
The author’s developments presume these conditions to be ful- 
filled, so that the lowest pressure is caused by the unavoidable 
deflecting effect, which is conducive to an unavoidable differ- 
ential blade pressure. 

Generally it must be realized that danger of cavitation also 
exists for turbines of low specific speeds when being used for high 
heads. These turbines simply have a smaller critical value 
of 

Mr. Pagor mentions the theory of discontinuous flow. Un- 
fortunately, the author is not quite sure what he really means. 
On the other hand, the author is quite aware that the ideal 
flow he pictures for carrying out his calculations is not exactly 
existing. But experience strengthens his opinion that the 
ideal flow is a very good background for fundamental considera- 
tions and that turbulence plays very often only the part of a 
factor of correction—and that the more, the higher is the Reyn- 
olds number. 

The induced drag, so important for the theory of airplanes, 
comes into consideration with respect to turbines—provided an 
ideal flow is assumed—only when the flow through the gaps 
between the blades and the curb ring and the hub is discussed, 
or when conditions of partial load are to be studied, or when it 
is not possible to arrange the guide vanes for generating a uni- 
form whirl moment. 

_ Mr. Sharp’s comments deal with a number of uncertainties 
that the author himself has pointed out. Especially he feels 
that the developments of the author, when carried out for the 
entire runner, not only for the outer layer, would result in a 
different picture. The author quite agrees, but unfortunately 
has had so far no time to develop the methods in question for 
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a whole runner. In one of the next volumes of the transactions 
of his Institute at Karlsruhe (Mitteil. Institut) he expects to 
be able to do so. 

In using well-known airfoil profiles great care must be taken 
to avoid local cavitation. Profiles advantageously applied to 
airfoil design often show comparatively thick forms of the lead- 
ing edges, which, in the flow of a compressible medium, do not 
do any harm so long as the local surplus of velocity does not ap- 
proach the velocity of sound, whereas in an incompressible fluid 
they very soon may create local cavitation. The author pre- 
fers forms of leading noses like hatchets with edges rounded only 
a little. (See reference E1.) 

The number of blades is not determined by the author’s 
calculations. Only the ratio J/s comes into consideration. 
In other words, the theory does not answer the question whether 
a fixed ratio l/s should be secured by a smaller number of longer 
blades or a greater number of shorter ones and which way is more 
favorable for high efficiency. The answer can be given so far 
only by experience, but the problem is essentially influenced 
by the conditions of the mechanical design. 

Messrs. Scoville and Deglon do not agree with the author’s 
formula [5]. In fact, however, this holds true. The term 

(Vtang2 U2 — Vtang1 u:)/g 

is equivalent to the work delivered by the shaft to the runner of 
a pump and, vice versa, by the runner to the shaft of a turbine. 
Therefore in case of a pump just this term must cover all losses 
except side friction of the runner, leakage, and mechanical 
losses, whereas in case of a turbine a gross head must be avail- 
able to cover the above term and all losses except the afore- 
mentioned. 

In case of turbines the terms 
443 and 


Vtang 2 U2 — Vtang1 U1 


2 a 4 


become negative; so Equation [5] may be rewritten as: 
H,— H; = (Vtang 1 U1 — Vtang 2 U2) > Hy 


which is in accordance with the above. 

Neglecting the drag in computing the tangential component 
is possibly more the author’s own than a general custom. But 
if Messrs. Scoville and Deglon will calculate a very extreme 
case (for instance m=0.15, s=0, k=0.45), they will find that 
the effect of drag upon the tangential component is actually 
of the order of only a few per cent. 

In an ideal flow there is no drag at all, which will be under- 
stood by recalling that drag is a component not parallel to the 
chord of the profile, but to the oncoming velocity in case of a 
single wing and to the mean velocity in case of a series of blades. 
It is in this way that it is introduced into the author’s formulas. 

The diagram of Fig. 13 gives only a plot of the whir! moment 
corresponding to the desired and assumed plot of the differential 
blade pressure. These two diagrams (plotted against distance 
x) are entirely conformable to those of Fig. 16. How to form 
the blades for securing those distributions is explained in con- 
nection with Fig. 16 

The distribution of velocity over the spacing between two 
adjacent blades can be computed theoretically so far only in a 
few cases by higher mathematical methods. Also the correction 
in curvature can be exactly determined only in a few simplified 
cases. The author, in Fig. 16, has estimated it by roughly com- 
paring the effect of a single airfoil profile under similar con- 
ditions. 

As to Fig. 20, it may be stated that with respect to drag the 
two profiles can be assumed to differ very little. A fair value 
of the ratio of drag to lift would be 0.015. 

The author wishes to express his sincerest thanks to the 
A.S.M.E. for the highly appreciated opportunity of discussing 
vital problems of hydraulic design with American engineers. 
Also he thanks cordially the engineers for their interest in his paper. 
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Determination of Initial Stresses by Measur- 


ing the Deformations Around Drilled Holes 


Methods have been proposed for determining the in- 
herent stresses in structural components by disturbing 
their stress equilibrium through some mechanical de- 
vice and measuring the resulting deformations. This 
principle is the basis of the stress methods of E. Heyn 
and O. Bauer, the casting of stress grids for determining 
the tendency of various cast irons to develop stresses, 
and the drilling methods of G. Sachs. These methods 
have the disadvantages, however, that they can be suc- 
cessfully used only with specially shaped pieces (e.g., those 
with round or rectangular cross-sections), that every form 
of test piece requires another kind of injury and hence of 
calculation, and that the tested parts are rendered useless. 
In part, moreover, only mean stresses can be determined, 
which may differ greatly from the maximum stresses. 
The new test method, which seeks to eliminate these dis- 
advantages, is likewise based on a disturbance of the 
equilibrium of forces, and is done by drilling a hole, which, 
however, is so small that the part can be used again. 
This method serves, among other things, for determining 
the inherent stresses in castings, welded parts, rolled 
structural shapes, and finished structures. 


the initial stresses in structural members, by disturbing 

their stress equilibrium through some mechanical device 
and measuring the resulting deformations. This principle is 
the basis of the stress investigations of E. Heyn and O. Bauer,? 
the casting of stress grids for determining the tendency of various 
cast irons to develop stresses,* and the drilling methods of G. 
Sachs. The methods used have the disadvantages, however, 
that they work only with specially shaped pieces (e.g., those 
with round or rectangular cross-sections), that every form of 
test piece requires a different kind of injury and hence of calcula- 
tion, and that the tested parts are rendered useless. In part, 
moreover, only mean stresses can be determined, which may 
differ greatly from the maximum stresses. 

The new test method, which seeks to eliminate these dis- 
advantages, is likewise based on a disturbance of the equilibrium 
of forces, and is done by drilling a hole, which, however, is so 
small that the part can be used again. This method serves, 
among other things, for determining the initial stresses in cast- 


V ‘te init methods have been proposed for determining 
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Paper translated by Th. von Karman. 

2 “Stahl und Eisen,” vol. 31, 1911, pp. 760-765. 
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compare ‘‘Stahl und Eisen,”’ vol. 33, 1913, pp. 1442-1443. 
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ings, welded parts, rolled structural shapes, and finished struc- 
tures. 

In order to explain the fundamental principle, it is at first 
assumed that the part to be tested is very wide, and that it is 
subjected to a constant monaxial stress which is uniform 
throughout the thickness and has a known direction. A tensome- 
ter is then placed on this test piece in the direction of the 
stress. If a hole is now drilled between its foot points a and b 
(Fig. la), this hole will become an ellipse under the stresses and 
the distance between the points a and } will be changed—in- 
creased if the stress was tension, decreased if the stress was com- 
pression. If the relation between the change in this distance and 
the stress is determined by calculation or by a calibration test, 
then the stress in the test piece in the direction ab can be calcu- 
lated from the change in the distance between a and b. 
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Fig. 2 shows, by way of example, how the distance between 
the points a and b is affected by the penetration of the drill into 
the material. The shape of the drill, which largely determines the 
form of this curve, was determined experimentally to give the 
smoothest possible operation. When the tip of the small drill 
penetrates the test piece, the change in the distance must be 
extremely small, since the resulting conical hole is small and far 
from the points. It is still small when the cylindrical part of the 
first drill penetrates. When the main drill begins to cut, the 
change in the distance suddenly increases, as shown by the break 
in the curve. but then increases more slowly until the exit of the 
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main drill. In a thick piece, the change in the distance approaches 
a limiting value, since the stresses which are liberated through 
the removal of material by the drill at some distance below the 
surface have no appreciable effect on the deformation at the sur- 
face. From this fact it follows that it is not necessary to drill 
clear through thick pieces to determine the stresses. Tests show 
that the depth of the holes need be only 1.5 to 2 times their 
diameter. 

In testing a piece in which the stress is known to be uniform 
with the depth, it is of course not absolutely necessary to plot 
the distance change against the depth of the hole. The total 
distance change at the end of the drilling is sufficient, although 
to be on the safe side it is always advisable to plot the whole 
curve. 
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The basic principle of the test method is the same whether 


the change in the distance between the points a and b (Fig. 1a) 
or between the points a’ and e (Fig. 1b) is measured. In the 
latter case, if the point e were infinitely distant from a’, the 
distance change would be just half that between a and b. In 
practise, the point e need not be very far from a’, since most of 
the deformation is close to the hole. In the experimental ar- 
rangement this distance was 15 cm (5.91 in.). 

If the test piece is subjected, not to a monaxial, but to a 
biaxial state of stress, then one measurement is not enough, 
and the deformation of the hole must be measured in three 
different directions in order to determine the magnitude and 
direction of the maximum and minimum principal stresses. If 
only one measuring instrument is available and it is known 
that the stress remains constant over a large area, three holes 
can be drilled in this area and measurements made on each at a 
different angle. 

If the stress varies along the depth of the hole, as in bending 
or surface stresses, the shape of the curve (Fig. 2) gives qualita- 
tive indications regarding these changes. For very thick parts, 
as for instance large rolls, the process gives no indications as to the 
stresses in the center of the rolls, since only the stresses near the 
upper surface can be determined. However, it is often possible, 
when the surface stresses are known, to make qualitative esti- 
mates about the size and direction of the stresses inside of the 
rolls, by taking into consideration the fact that the sum of all 
stresses and moments must be equal to zero. 

The diameter of the drill used in the test apparatus was 12 mm 
(0.472 in.). It might, of course, be larger or smaller. The 
upper limit is given by the requirement for the least possible 
weakening of the specimen, while the lower limit is determined 
by the accuracy and sensitivity of the measuring apparatus. 
For laboratory apparatus, the diameter could be reduced to 6 
mm (0.236 in.). This is probably the limit, however, as with 
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smaller holes the magnification of the measuring instrum ent 
would have to be too large. 


After the test, a rivet or plug can be inserted in the hole, 
according to whether the hole goes clear through or only part 
way. A tightly fitting rivet will reduce stress concentration 
during subsequent loading, since the pressure of the rivet head 
around the hole will partially prevent the deformations which 
would occur with an open hole. The strength of the structure 
or the utility of the part will seldom be affected by the slight 
weakening produced by the test. If the test is made on a girder, 
for example, a 12-mm hole would have little effect in comparison 
with the many larger holes required for assembling. 

The calibration of the measuring device, i.e., the determination 
of the relation between the final elongation of the test distance 
and the stress, can be made once for all, for the principal ma- — 
terials. So long as the stresses are less than 40 per cent of the 
proportionality limit, they are proportional to the final elonga- 
tions (see Fig. 3). For this range the calibration can also be — 
made by calculation. Above this point it must be made by — 
experiment. The fact that the stresses which can be calculated — 
are so low is due to the high stress concentration at the edge of | 
the hole. 

The calibration of the measuring device by calculation is — 
based on a report by Kirsch,® who calculated the elongation of a 
hole in a member of infinite width in terms of the tensile stress, 
and on a report by Willheim and Leon,® who extended this — 
method approximately to members of finite width. 

The experimental calibration can be made by mounting a 
broad flat plate with a 12-mm (0.472-in.) hole in a tensile ma- 
chine. Then a tensometer, preferably the one used in the hole 
tests, is so mounted on the plate that its measuring points rest on 
the points a and b (Fig. 1a), or a’ and e (Fig. 1b). The plate is 
then stressed and the resulting increase in the distance between _ 
a and b, or a’ and e, is measured. From this must be subtracted — 
the distance increase which would be obtained if the hole did 
not exist. The resulting calibration curve is valid only for plates — 
of the width used in the test. ; 

After calibration curves have been plotted for plates of different 7 
widths, the values for plates of infinite width can be extrapolated. | 

The calibration test can also 
be made like the subsequent 
investigation, excepting that 
the distance increase is mea 
sured in terms of a known 
stress. A flat plate is sub 
jected to a known load, the 
measuring instrument is in- 
stalled, and the hole is drilled. 

The increase in distance be- 
tween a and b, or a’ and e, is 

thus determined in terms o 

the depth of the hole, and from 

this the total increase corre- 
sponding to the stress. If this 

test is repeated for a series of Fic. 4 Dritt Mountine Wirt 
different stresses, a series of MIRROR EXTENSOMETER 
curves is obtained from which 

the final calibration curve, i.e., the total distance changes in 
terms of the stresses, can be determined. If, for the material 
under investigation, the stress-strain line for tension differs from 
that for compression, the test must be made for each. The width 
of the plate is taken into consideration in the same way as in the 
calibration test previously described. 

To measure the deformation, two instruments have been de- 


5 Z.V.D.I., vol. 42, 1898, pp. 797-807. 
6 Z. Mathematik und Physik, vol. 64, 1916, p. 233. 
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signed. The first is a mirror instrument which works in a manner 
similar to the Martens tensometer (Fig. 4). Since the installa- 
tion of the telescope required with this apparatus is often difficult, 
an indicator has been developed, in which the change in the 
distance actuates a pointer through a mechanical magnification. 


=~ 
~ 


This indicator does not span the hole like the reflecting instru- 
ment, but rests on the points a’, b’, c’ of the test piece (Fig. 1b). 
The movable leg is at the edge of the hole, and the fixed legs 
are about 15 em (5.9 in.) from the hole. Fig. 5 shows the whole 


test apparatus with this indicator g. The indicator has a mag- _ 


nification of about 1:3200 and is balanced in every position. 


Tensile stress in kg/mm? 


chine z. The drillings are carried away by a sleeve t. The 
(0.3-hp drilling machine is driven by a flexible shaft and runs very 
smoothly. The drilling pressure is kept nearly uniform by the 
interposition of a spring. The depth drilled is measured by a 
Zeiss gage v. The drilling machine is clamped to the test plate 
by the frame f. 

A great many tests have been made by these methods in many 
different fields. A number of these experiments are discussed 
in the following paragraphs. The methods used in making the 
tests are described, and the results which are of general interest 


ROLLING STRESSES IN STRUCTURAL STEEL 


Compressive stress 
nm 


The standard profiles, especially the H-beams, are seldom 
free from initial stresses, as proved by many experiments. 
These stresses are in part due to the conditions during cooling 
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Distance from end of beam in meters 


It is clamped to the test plate by the arm u on the drilling ma- Fie. 6 DistrRIBUTION oF INITIAL STRESSES IN WEB OF H-Beam _ 


wv 
a 
& 


4 


| 
7 

Tensile strnss 
in kg 

| 

| 

| 


in kg 


7 _ DISTRIBUTION oF INITIAL STRESSES OvER © 


Cross-Section or H-Beam 


from the hot rolling, but are chiefly due to the rolling itself. ~ 
H-beams have been tested which showed tension in the web, 
while others showed compression. This is proof that the stresses 
are produced primarily during the rolling process, since if they - 
were produced by the cooling process all beams should have 
compression stresses in the web, as this is the part which cools 
first. Fia. 
min’ 
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Fie. 5 Apparat 3 With Potnter EXTENSoN 


As examples of tests of structural shapes, the experimental 
results for a relatively highly worked H-beam NP20, an I-beam 


Decrease in distance between 


NP20, and a channel beam NP26, all 6 m long (about 20 ft) have 


been selected. In the H-beam the initial stresses were deter- 
mined over the whole length of the web (Fig. 6) and in both 
flanges at the points of maximum web stresses (Fig. 7). For 


points aand b in mm. 


every test point the full curve was plotted, showing the elonga- Fic. 8 Errecr or Currine Stot 1x Wes at Enp or H-Bgam 
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tion of the test length against the depth of the hole. All the 
places were drilled clear through, with the exception of the 
_ middle of the flange. The curves, almost without exception, 
resemble Fig. 2, from which it may be concluded that the stresses 
= but little throughout the thickness. For this reason and from 
- the fact that the stress in the girders must be chiefly monaxial, 
_ the calibration curve of this stress condition was taken as the 
_ basis for the stress determination. There were extremely high 
— tensile stresses in the middle of the web of the beam in the di- 
rection of the length, amounting in the middle of the length to 
~ about 20 kg per sq mm. (28,400 lb per sq in.). At this stress, 
_ the pointer of the instrument was deflected about 36 mm (1.42 


S000 


Fig. 9 Location oF Test Strip In WeB oF H-BEAM 
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Fie. 10 Distripution or Stresses Wes or I-Beam 


in.). The maximum stress was in the central part of the beam. 
At both ends, as was to be expected, the stresses dropped to zero. 
The flanges were stressed in compression, the stresses being small 
in the middle and increasing toward the edges. Analysis of the 
results showed that the sum of the moments of the stresses found 
for a cross-section was nearly zero. 
To check the test results, the H-beam was sawed in the middle 
of the web at the right end for a distance of about 50 em (about 
20 in.). If there were tensile stresses in the web, as indicated 
by the test, the halves of the beam after sawing would ap- 
proach each other. As shown by Fig. 8, the ends separated a 
little at first, but drew strongly together again after being sawed 
- 5em (about 2in.). After sawing 48 cm (about 19 in.), the separa- 
tion of the ends had diminished about 3 mm (0.12 in.). A second 
test consisted in sawing out, at a distance of 2.6 m (8.53 ft) from 
7 the right-hand end of the H-beam, a strip 32 by 4 cm (about 
12.6 by 1.57 in.), as shown in Fig. 9. If there were tensile stresses 
of about 20 kg per sq mm (28,400 Ib per sq in.) at this place in 
the web, the sawed-out strip should have contracted about 0.29 
mm (0.0114 in.), according to the formula 


Stress 


Contraction = xX Test length 


Young’s modulus 


The 


The test showed a contraction of 0.27 mm (0.0107 in.). 
results of the proposed method are thus confirmed. 

The stresses were considerably smaller in the I-beams than 
in the H-beams (Fig. 10). The stresses were determined only in 
the middle of the web, the tests showing stresses of about 2 kg 
per sq mm (2845 lb per sq in.). In the channel the stresses 
_ were likewise determined for the middle of the web and in general 
_ were relatively small (Fig. 11). In the middle there was a sudden 
increase in stress, which was probably due to overstressing in 
handling. 


STRESSES IN CASTINGS 


In order to obtain, for various types of cast iron, the lation 
of the casting stresses to the wall-thickness ratios and the tem-— 
peratures of casting, frames of the shape shown in Fig. 12 were — 
cast. This frame shape was selected in order to obtain as nearly — 
a monaxial stress system as possible. The wall thickness ratio 
was varied by changing the outer frame thickness from 10 to— 
60 mm (0.39 to 2.36 in.), while the inner cross had the same thick- 
ness in every experiment. Measurements were made — 
at the points designated by a. The measurements taken in all 
four positions proved very consistent. As an illustration of a 
series of experiments, the relationship between the casting 
stresses in the center cross and the wall thickness of the outer 
frame, with constant casting temperature, is shown in Fig. 13. 
As can be seen from the curve, small tension stresses occur in 
the cross when the frame and cross-thickness are equal, but as 
the thickness of the frame wall is increased, the stresses in the 
cross become compressive, and of greater and greater magnitude. 


Stress DETERMINATION IN BRIDGES AND STRUCTURES 


The total stresses in the elements of such structures are com- 
posed of: 


(1) Stresses produced by the weight of the structure 

(2) Stresses produced during the manufacturing process 
and therefore present before assembling 

(3) Stresses produced during the assembly by forcing 
members into place and by riveting, bolting, welding 
etc. 
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Fic. 11 DistrripuTion or INITIAL STRESSES IN WEB OF CHANNEL 

In structures designed for low stresses, the stresses produced 
by assembling and manufacturing will often be higher than 
those due to the weight of the structure. This is especially 
true in welded structures, where the calculated stresses can 
only be considered as rough approximations, as they are likely 
to differ from the actual stresses by a factor of 2 or 3. To obtain 
the three types of stresses separately by measurement is often 
a difficult task, possible only through repeated measurements 
upon the same structural member. In general, this separation 
is not required, since one wishes only to know how much the 
actual stresses differ from the calculated ones. 

As an illustration of a measurement of this kind, where the 
“weight stresses” could easily be separated from the assembly 
stresses, the inspection of a large arch bridge (span length 
about 100 m, or 330 ft) may be mentioned. A diagram of the 
entire bridge and a sketch of the upper side of the arch are shown 
in Fig. 14. The calculated stress was about constant over the 
cross-section, and had a value of about 400 kg per sq em (5700 
Ib per sq in.). This value was also found experimentally in the 
web. But in the top flange, which was composed of three riveted 
plates (1300 X 15 X 5000 mm, or 51.2 X 0.59 X 196.6 in.), 
seven measurements in the top plate showed almost zero stresses. 
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This contradiction was expl: 1ined w shen the lowest pl: ite, the one 
closest to the web, was tested; here there was a compression 
stress of about 850 kg per sq em (12,100 Ib per sq in.). The 
average stress in the whole plate therefore checked with the 
calculated one. The difference between the stress in the top 
and the bottom plate was due to the fact that, in assembling, 
one end of the plate had been riveted solid and then bent down 
by force to fit the web, already curved to the proper bridge 
curvature. This bending produced tension in the top plate and 
compression in the lower one, which in the present case happened 
to be equal to the “weight stresses.” The final stress picture 
thus showed a zero stress in the top plate of the flange and double 
the value of the “weight stress’”’ in the bottom one. 


THE DETERMINATION OF WELDING STRESSES 


While measurements with a single extensometer—that is, 
measurements in a single direction—were sufficient in the pre- 
vious tests, it was necessary to use two instruments in this type 
of investigation, since the stresses were almost always in two 
directions (biaxial). 


Fie. 12 Cast-Iron Test 
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Compression stress 


35 
Thickness of 
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EFrect oF OuTER WALL THICKNESS ON 
CASTING STRESSES IN GRIDS 


Fia. 13 


The experiments made on welded seams can be divided into 
two groups. The first group includes, besides determination of 
stresses in plates subjected to various types of local heating, a 
systematic study of electric- and gas-welded plates. The di- 
mensions of the plates used were all the same, 600 X 600 X 15 
mm (23.6 X 23.6 X 0.59 in.). The second group includes studies 
of welds in various types of structural parts used in practise, 
as for instance welded high-pressure tanks, ship plates, steel 
railway ties, etc. 


1S-56-2 253 


The great number of measurements taken led to the following 
conclusions: 


(1) That the general opinion that in electrically welded 
plates the seams have lower stresses than in gas-welded 
plates was not confirmed by experiment. In most 
cases electro-welds showed rather higher stresses 


Stresses in the direction of the seam are high, both in 
electric and gas welds, and are almost always near the 
yield point 


Location of test 


\ WN 


Fic. 14 Dtacram or ArcH BRIDGE AND Potnt WHERE Test Was 
MADE 
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DISTRIBUTION OF INTERNAL STRESS IN Gas-WELDED SEAM 


In electric welds, the stresses extend over a narrower 
area around the seam than in gas welds, where the 
heated zone is a larger one 
In most cases stresses parallel to the seam are higher 
than at right-angles to it 
In electro-welds, the stresses are higher in continuous 
seams than in interrupted ones 

(6) No difference in stresses from using bare or covered 
electrodes was noticed. 


A typical stress distribution of two gas-welded plates is shown 
in Fig. 15. The seam is under high tension stress. The stress 
drops to zero on both sides, and then changes to compression. 
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The sum of all moments and stresses is evidently equal to zero. 
With electrically welded plates, the center stress is usually 
somewhat higher. The stress rises quickly to its maximum 
value at the start and the end of the seam, and the zero-stress 
region lies closer to the seam than with gas welds. 

In order to refute the widespread opinion about the dangers 
of initial stresses, it may be said that the initial stresses men- 
tioned in the foregoing paragraphs (especially in the paragraph 
on the testing of welds) are not nearly as dangerous as might be 
thought without further examination. This is especially true 
for static loadings, because if the yield point is passed at the most 
highly stressed point, the metal starts to creep locally at this 
point, and the load then distributes itself more evenly over the 
cross-section. Under repeated overloadings, the stress distribu- 
tion in the whole structure approaches more and more the stress 
distribution which would exist without initial stresses. How- 
ever, this is only true if the material used is ductile. Hence, 
the most important requirement for weld material is a very high 
ductility. For repeated or variable loading, the presence of 
initial stresses is of no great — — the initial 


stresses may well reduce the factor of safety. In cases of impact 
loading, the presence of initial stresses is extremely undesirable. 

In conclusion, a remark may be made about an as yet undis- 
cussed field of application of the apparatus. The method of 
investigation which has been described is not limited to purely 
metallurgical experimentation only. This method is applicable 
to the determination of stresses in concrete structures such as 
dams, or stresses in tunnel walls produced by the weight of 
mountains or landslides, or the stresses in deep shafts. The 
diameter of the drill should be selected with consideration for 
the non-homogeneity of the material, and should be very much 
larger than with steel, say about 6 to 10 cm (2.4 to 3.9 in.). 
It is obviously important that, in testing rocks, the same ma- 
terial be used for calibration as in the actual tests, and that it be 
oriented in the same way, as many rocks are not isotropic. 
This difficulty may be avoided by using a crown drill, which 
leaves a core of 6 to 9 ecm (2.4 to 3.5 in.). This core is broken 
off later on and used in an ordinary rock-testing machine to obtain 
the calibration constants. No experiments of this sort have 
been manne out as yet, but oom have been made for them. 
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HIS report presents information on the production cost 

of oil-engine power plants. Production cost in the meaning 

of this report is defined to consist of fuel cost; lubrication 
cost; cost of attendance and superintendence; cost of supplies 
and miscellaneous; cost of engine and plant repairs. 

The report includes information from 140 oil-engine generating 
plants, containing 377 engines, totaling 213,910.5 rated brake 
horsepower. The total net output for the 140 plants in this 
report amounted to 282,466,690 kilowatt-hours. The coverage 
of this report as compared to that of previous reports is shown by 
the following table: 


Year of report...... 1929 1930 1931 1932 
Number o' a 36 94 119 140 
Number of engines. . 107 283 330 377 
Total rated bhp..... 68,775 161,583 190,768 213,910.5 
Total output, net 

134,766,761 309,369,930 333,066,644 282,466,690 


The engines listed in the report are full-Diesel, vertical type, 
direct-connected to generators, unless otherwise noted in Tables 
III, 1V, and V. All Diesel plants listed are located in the United 
States. 

Plant Numbers. The system used in former reports of desig- 
nating plants by number has been retained. Numbers identify- 
ing plants previously reported correspond to the same plants in 
this report. 

Period Covered. All but ten of the plants of this report sub- 
mitted data for a period of exactly 12 months each. Of the ten 
exceptions, five submitted data for periods varying between 11 
and 13 months. The other five submitted data for 5 months, 6 
months, 6.7 months, 8 months, and 8.1 months, respectively. 

Bases for Costs and Performances. Unit costs referred to in 
this report were calculated on the basis of net kilowatt-hours. 
The net kilowatt-hour output is found by subtracting the power 
used for plant auxiliaries and station lights from the total gross 
output of the plant. 

Figures given for power output per gallon of fuel oil and of 
lubricating oil were calculated on the basis of the gross outputs 
of the individual units and plants. 

Formulas defining running engine capacity factor, running 
plant capacity factor, annual plant load factor, and plant service 
factor are as follows: a 


Running engine capacity factor, per cent 


Running plant capacity factor, per cent 
a Plant output in gross kwhr X 100 
~ Total rated kwhr of individual units 


™ 
Engine output in gross kwhr X 100 


~ Kw rating X number of hours operated 


Annual plant load factor, per cent 
Plant output in gross kwhr x 100 
~ Peak load in kw X number of hours in period 


Plant service factor, per cent 
Total rated kwhr of individual units X 100 
Total installed kw X number of hours in period 


1 Submitted by the Subcommittee on Oil Engine Power Cost, 
Oil and Gas Power Division, A.S.M.E., H. C. Major, Chairman, 
Committee of Public Utilities, Municipal Building, Rockville Center, 

Presented at the Sixth National Oil and Gas Power Meeting, 
Atlantic City, N. J., August 23-26, 1933, of THe AmMEerRIcAN Society 
OF MECHANICAL ENGINEERS. 
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The expression ‘“‘rated kwhr’”’ refers to the kilowatt rating of 
an engine-generator set multiplied by the number of hours oper- 
ated. For example, if a unit having a rating of 200 kw was oper- 
ated 4000 hours, the rated kwhr equals 800,000, no matter what 
the actual output may have been. Thus the denominator of the 
expression for ‘‘“Running plant capacity factor’’ and likewise the 
numerator for the “Plant service factor’’ are arrived at by totaling 
the rated kilowatt-hours of all plant units. In this report, the 
kilowatt rating of an engine-generator set is considered equal to: 
Rated bhp X 0.746 X 0.9. 

In the strict sense of its definition, the annual plant load factor 
cannot be correctly applied to data covering any period other 
than one year. However, the committee extended the applica- 
tion of this to plants operated 8760 hours plus or minus 2 per 
cent, using the actual number of hours in the denominator in each 
case. 

The formula for ‘‘Plant service factor’ requires further ex- 
planation for special cases. The expression is an index of the 
actual number of hours of operation as compared to the total 
number of hours installed for operation. Therefore, when some 
units have been installed for longer periods than have others in 
the same plant, account must be taken of the fact in the calcula- 
tion. For example, assume that a plant is reported for a twelve- 
month period, during which time one unit rated at 200 kw, 
installed before the start of the period, was operated 5000 
hours. 

Six months after the start of the period, a unit rated at 300 kw 
was installed, and subsequently operated 2500 hours. The plant 
service factor in per cent is therefore: 


200 X 8760 + 300 X 4380 

Since the 300-kw unit was not installed during the entire 8760 
hours, but only for 4380 hours, this adjustment must be made. 

Fuel and Lubricating-Oil Data. The lubricating-oil economies 
of 110 plants generating 95 per cent or more of their outputs by 
means of full-Diesel units are shown graphically in Fig. 1, in 
which the kwhr output per gallon of lubricating oil is plotted 
against running plant capacity factor. (Eight of the full-Diesel 
plants did not report unit hours of operation, and running ca- 
pacity factors could not be calculated for these.) Fuel-oil econo- 
mies of the same 110 plants are shown graphically in Fig. 2, in 
which the gross kwhr output per gallon of fuel oil is likewise 
plotted against running plant capacity factor. The values 
plotted in Fig. 2 are corrected neither for the heat content of the 
fuel nor for altitude. The lubricating-oil and fuel-oil economies 
of 20 plants generating more than 5 per cent of their output 
by means of semi-Diesel units are shown in Figs. 3 and 4, respec- 
tively. (Two plants generating more than 5 per cent of their 
output by semi-Diesel units did not report unit hours of opera- 
tion, and the running capacity factors could not be calculated 
for these.) 

The type of the plant was judged to be that of the engines 
generating 95 per cent or more of the gross output. The follow- 
ing types of plants are illustrated in Figs. 1 to 4, inclusive: 


Diesel four-stroke cycle, air injection 
Diesel four-stroke cycle, mechanical injection 
Diesel two-stroke cycle, air injection 


Diesel two-stroke cycle, mechanical injection, separate 


seavenging 
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Diesel two-stroke cycle, mechanical injection, crankcase 
scavenging 

Mixed-type full Diesel 

Mixed Diesel and semi-Diesel 


A median line was drawn on each chart, the number of points 
above the line being equal to the number below. High and low 
boundary lines were drawn to include all but 10 per cent of the 
plants on the high and low sides, respectively. 

Unless it is otherwise noted in Table IV, plants received fuel 
oil in tank cars. 

All fuel- and lubricating-oil costs include costs for the handling 
of oil from the cars to the tanks. 

Cooling Water. The various water-cooling systems are indi- 
cated by the following symbols: 


System A, raw water going to waste after one pass 

System B, raw water recirculated after passing over cooling 
tower or spray pond 

System C, soft water continuously recirculated, cooled by 
raw water going to waste after one pass through heat 
exchanger 

System D, soft water continuously recirculated, cooled by 
raw water also recirculated after cooling by cooling 
tower or spray pond 

System E, any of the foregoing systems with engine circu- 
lating water treated (added as a suffix). 


Investment Costs. Due to the difficulty in obtaining reliable 
information on expenditures over past years and to the fact that 
such data may not reflect current costs, the committee decided 
to discontinue this feature of its investigations and did not solicit 
any information on this subject in this questionnaire for 1932. 

Enforced Shutdowns. The term “enforced shutdown” is de- 
fined as any stoppage caused by actual or imminent engine trouble. 
The duration of an enforced shutdown is the time elapsing from 
the shutdown of the engine to the time at which the engine is 
again ready for service. A prearranged shutdown for mainte- 
nance work is not considered an enforced shutdown. There 
were some misunderstandings in regard to the committee’s 
question calling for the number of hours expended on regular 
maintenance work. The uncertainty was, however, either cor- 
rected by correspondence with operators where sufficient time was 
available or a blank was left for the data. Regular maintenance 
time where listed is therefore the total time put in on regular 
maintenance work whether or not the units were actually needed 
during the time. 

Peak Loads. The peak loads presented in the report are the 
highest average loads sustained for 15 minutes, unless otherwise 
stated in Table V. 

Liner Wear. The committee realizes that liner wear is a com- 
plicated subject worthy of a separate investigation, and therefore 
decided not to continue a question on liner wear in the question- 
naire for 1932. The committee has made recommendation to 
the Executive Committee of the Division that a separate investi- 
gation on this subject is advisable. 

Repair Costs. All costs for repairs, whether to engines only or 
to all other plant equipment, listed in Table I, include the cost 
of materials delivered at the plant in question and the cost of 
any extra labor employed for the purpose of making these repairs. 
Unless otherwise noted, however, these costs do not include any 
charges for work done by regular attendants. Correspondingly, 
unless otherwise noted, the costs noted in Table I for attendance 
and superintendence have not been subject to deductions because 
of repair work done by the regular attendance crews. The com- 
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namely, the listing of major parts renewed during the period. 
This information is set forth in Table V. 

Attendance and Superintendence. The committee has extended 
the range of reported data in connection with attendance by se- 
curing and reporting the number of shifts per year and the net 
kwhr produced per man-hour of attendance and superintendence. 
Attendance ratios for 103 full-time attended plants are shown 
graphically in Fig. 5, in which the net kwhr output per man-hour 
is plotted against plant service factor. (Twenty plants of the 
report were attended part-time; twelve plants did not report 
data required for calculating service factors; five plants did not 
report shift data necessary for the calculation of net output per 
man-hour. None of these plants are shown in Fig. 5.) 

Supplies and Miscellaneous. Supplies in the meaning of this 
report are such items used in the power-generating plant which 
are consumed in the operating process—namely, such items as 
waste, packing, wipers, gage glasses, gaskets, bolts, screws, nails, 
dynamo and motor brushes, cans for containing rags and waste, 
transformer oil and hand oil cans. The term “miscellaneous” 
as used in this report refers to such items as expenditures for 
lighting, heating, and cleaning systems, fire-protection systems, 
janitor’s supplies, ice water, meals and carfares, stationery, tele- 
phone and toilet service, care of streets, yards and sidings. 

Type of Load. The terms used for type of load are defined as 


follows: 


Complete Power.—The plant is run regularly alone when 
needed, without assistance from any base- or peak-load 
service 

Base Load.—The plant is run at substantially full load 
whenever its capacity can be used, usually supplemented 
by a peak-load service. When full or nearly full ca- 
pacity cannot be used, the plant is shut down 

Peak Load.—The plant is run only when the load exceeds 
the capacity of the regular source of power 

Standby.—The plant is run only when the regular source 
of power is interrupted. 


For this investigation, the committee requested information 
also on the type of power supplemented by base load, peak load, 
and standby plants. Information obtained in accordance with 
this request is presented in Table I. 

Total Production Costs. Total production costs for 135 plants 
reporting for one year each (plus or minus one month) are shown 
graphically on logarithmic coordinates in Fig. 6, in which total 
production cost in mills per net kwhr is plotted against specific 
output, or the output in net kwhr per year per kw of installed 
capacity. 

Calculations. All original calculations and correspondence 
with operators were carried on by Messrs. Robert T. Brown and 
George V. Khrennikoff, who were employed to assist the com- 
mittee. 

The committee wishes to acknowledge its appreciation of the 
splendid services of Franz Eder, who has been chairman of the 
committee since its organization, and to announce with regret 
his resignation as chairman. H.C. Major has been appointed 
to succeed Mr. Eder as chairman. 
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774 ‘5 270 | 1630] 18 61,342 77,122 76 | 7746) 
| 887 $0 --- | 8784 | 12 428,704 379,380 42 | 
1065 | w 20 265 | 3se72 | 6 233,385 204,875: 04 | 1055 
266 | 20 | 6764 | 12 248,000 220,000 | 265) 
| 1s | | 38 210,470 194,105 28 27 
382 | 20 | 4606 | 12 106,300 99, 300% 92 | 3e2 
70 215 | 6764 12 211,100 175,200 97 | 
40 190°] e764 | 12 435,300 434,000 | 626 
Sie 40 168 | 6784 | 12 160,600 156, 800° i9 516 
69 40 200 | 1634 | 12 81,890 77,310 ss | 169 eae! 
4 | 25 219°} | 12 28,800 27, 290% 32 | 966 
12.5| --- | 6784 | 12 144,430 138,700 | 318 
| 733 51 | 12 15815 1,788 0.2 | 62. | 7.92 3.18 | 34.30 36 | 733 
| 46 90 | | 12 7,220 8832 2.6 | 13. 118. 7 
plete Power a- 
~ T ~ >upplemented Trans~ 


TABLE IT 


- COMPARATIVE COSTS = 1929, 1930, 1931 AND 1932 REPORTS 


(PAGE 1) 


PLANT NUMBER 


YEAR 


B. H 


TOTAL INSTALLED 


K. W. HRS. 


TOTAL NET OUTPUT 


ANNUAL PLANT LOAD FACTOR 


RUNNING PLANT CAPACITY 


FACTOR 


PLANT SERVICE FACTOR 


VERAGE COST OF FUEL OIL 
CE PER GALLON 


A 


NT. 


COSTS PER K.W. 


BR. MILLS 


st 


TEL COs 


FI 


CATING OIL COST 


BRI 


LU 


Che 
ANCE COS 


ATT 


T 
CLUDING SUPERINTENDANCE 


ND 
NCLUD- 


I 


=S AN 


SUPPLI 
ZOUS, 
R 


OF 
ELLAN 


T 
NG WAT. 


wIS 
I 

I 


NGINE REPAIRS 


cosT OF 


a a. 
tal 
Da 
on 
| 
| & 3 
© 
& 
on 


st 


cos 


TOTAL PRODUCTION 


NUREER 


LANT 


P 


720 


22,591,027 


Operation Gy 


Operation Gy 


7,257,703 


Operation Gy 


7,442,350 
6,908,500 
5,537,000 
5,015,575 


22,910,000 
22,518,000 
15,147,500 


Not Cperate 


4,484,700 
4,168,750 
4,281,230 


16,479,500 


17,745,525 
6,639,511 


14,709,450 
11,037,481 
12,836,281 


2,341,730 
2,557,153 
No Reply toj1I 
2,521,395 


3,226,050 
3,124,300 
2,920,600 


885,399 
1,858,860 
959, 606 


3,231,938 
3,211,621 
3,088,885 
3,105,742 


4,848,480 
2,632,385 
3,497,637 


2,247,295 
2,223,652 


26,221,176 | 46.1 
29,849,848 | 52.5 
28,374,009 | 57.1 


7,958,851 | 31.3 
8,778,880 | 33.2 
9,065,633 | 33.0 


5,722,032 | 31.1 
8,417,102 | 33.7 
2,110,000 | 36.3 


7,585,725 | 46.6 
8,107,025 | 53.7 
7,754,325 | 48.2 
6,490,050 | 48.6 


8,016,000 | 37.9 
8,341,500 44.9 
3,030,200 | 42.0 


6,662,389 | 44.1 
10,027,739 | 50.8 
9,376,900 | 52.9 
7,451,947 | 44.2 


36.8 
34.9 
46.4 
42.3 


94.0 
92.5 


27.8 


nquiries for 


51.6 


69.9 
70.4 
73.2 
83.3 


eatly Reduced 


65.0 
69.0 
60.35 


eatly Reduced 


65.3 
75.2 
78.6 
78.1 


52.0 
53.1 
59.3 
58.4 
64.0 


66,3 
66.4 


71.5 
65.0 
63.5 
65.2 


eatly Reduced 


72.5 
69.5 
66.5 
62.1 


99.9 
95.6 


45.4 


52.5 


45.8 


48.1 
54.1 


49.2 


64.8 
61.8 
57.3 
57.9 


59.7 
49.1 
50.4 


87.6 


in 19352 


in 1932 


45.2 
45.4 
40.4 
43.8 
72.8 
52.4 
45.0 
38.4 


44.4 
45.1 
43.4 


61.6 
61.1 
53.1 
59.5 


in 1932 


ved 


42.4 
56.6 
35.8 
98.9 


28.8 
°8.7 


because of lack of 


because of lack of 


57.8 4.37 
65.7 5.78 
46.0 3.48 


35.9 5.71 
39.1 5.13 
40.5 4.48 


5.58 
5.70 
4.83 
4.41 


3.90 
4.09 
3.20 
5.12 


1.30 
0.95 
1.22 


2.15 
2.09 
2.03 
2.04 


because of lack of 


5.23 
5.29 
4.79 


3.87 


2.53 


1.03 
1.38 


4 


4.72 
4.19 


) 


4.02 


Naonw 


3.82 
3.95 
3.51 
5.25 


5.22 
4.93 
4.52 


5.38 
5.50 
4.46 
2.97 


3.72 
3.95 
3.03 
2.93 

54 
0.93 
1.26 


2.20 
2.25 
2.12 
2.05 


5.04 
5.18 
4.89 
4.07 


2.16 
0.91 
1.24 


1 Industrial Activ 


4.59 
5.95 


3.83 


2.52 
1.98 
2.00 
2.22 


2.91 
2.56 
2.12 


5.95 
5.49 


4.78 


§.21 
4.42 
4.45 


6.33 
6.29 
6.85 


5.31 
4.52 
3.08 
2.78 


3.73 
5.68 
3.27 


3.1 
3.1 


0.69 
0.53 
0.47 
0.31 


0.09 
0.09 4 
0.09 
0.11 


0.55 
0.36 
0.29 


ity 


0.89 
0.56 
0.56 


0.33 
0.45 
0.26 
0.24 


0.31 
0.28 
0.27 


0.54 
0.46 


0.27 


0.94 
1.10 
0.59 
1.26 
1.25 
0.64 


0.36 
0.35 
0.39 
0.25 


0.91 
1.14 
0.73 


0.47 
0.27 


0.52 

0.45 2.94 
0.63 2.82 

Load; 

0.55 3.83 
0.38 2.83 
0.30 2.55 
0.27 2.35 
0.48 1.18 
0.29 1.06 
0.27 1.21 
0.36 1.57 
0.31 2.52 
0.26 1.93 
0.29 2.01 
0.55 1.24 
0.33 0.92 
0.36 1.08 
0.28 1.34 


Load; 


1.65 
1.77 
2.04 
2.05 


1.18 
1.19 
1.02 


0.21 
0.28 
0.30 


Records 
1.38 


0.92 
0.47 


Records 


0.88 
0.74 
0.63 
0.52 


0.16 
0.16 
0.26 
0.14 


0.01 
0.15 
0.16 


0.17 
0.26 
0.20 
0.26 


Records 


0.06 
0.04 
0.07 
Q.05 


1.16 
0.38 
0.54 


0.67 
0.63 
0.56 


1.91 
1.96 
1.13 


0.74 
0.56 
0.49 
0.3 

0.53 


0.12 


0.10 
0.22 
0.15 


1.65 
0.26 


0.54 


1.01 
1.28 
1.53 


1.95 
0.68 


1.56 
1.16 
1.11 


1.12 
1.52 
1.57 


1.84 


0.35 


0.05 
0.20 


0.60 
0.80 
0.75 


1.57 
1.268 
0.96 


1.33 
2.48 


Incomplete 


Incomplete 


Incomplete. 


---- 1.04 
0.05 | 0.93 
0.29 1.20 
0.14 1.00 


0.40 2.02 
0.48 1.75 
0.38 1.50 
0.14 1.01 
0.07 0.45 
0.04 0.53 
0.70 
0.05 0.31 
0.01 0.12 
0.05 0.40 
0.02 0.34 
0.12 2.14 
0.06 0.58 
0.70 
0.03 0.83 


0.10 | 1.15 
0.55 1.90 
0.32 | 1.70 
---- 1.97 
---- 1.75 
---- 1.07 


0.18 2.85 
0.19 1.34 
0.09 1.74 
0.09 1.3 

0.08 1.29 
0.19 1.47 
0.30 | 2.17 
0.46 | 2.38 


0.3 0.62 
0.01 | 0.28 
0.11 | 1.59 
0 1.07 
0.10 | 1.09 
0.31 | 3.07 
0.51 | 2.47 
0.39 | 1.77 
0.77 2.69 
0.37 3.42 


54 


732 


“ba 
| 
af 
43 | 1929 |11,540 | | ---- ---- | 4.25 0.60 | ---- | ---- 6.15 | 1929 43 
1930 11,5 4 5.88 1931 
1931 | 11,8 +88 1931 
37 113.86 | 1930 82 
82 | 1930 5,6 1 4.87 3 
1931 | 5,€ 2 | 4.10 | 1931 
168 | 1931 | 8,500 | | | 168 
<i s2 | 1929 "| 3,330 11.78 | 1929 52 
1970 | 4,5€ 42 
1931 4,580 8.61 12931 
19z2 | 7,445 .60 | 1932 
i 91 | 1929 | 3,450 5.83 | 1929 1 
oes 1930 5,250 5.35 93 
1932 5,250 5.1 1932 
.39 | 1930 73 
1931 §,0 3.52 | 1931 
1932 | 5,000 = 3490 | 1982 
92 | 1929 | 2,5 6-15 | 1929 92 
1930 | | | 4.08 | 1930 
A ar 1931 | 4,9 4.26 | 1931 
1932 4,9 4.50 | 1932 
ees 45 | 1929 | 4,250 = 7.70 | 1929 45 
1931 | 4,250 8.92 | 193 
1932 | 4,250 | .93 | 1932 
54] 1930 | 4,2 5.83 | 1930 = 
1932° | 4,2 52 | 1932 
g64 1931 | 4,¢ 1°32 -- Red: ce 
Oe: 9 3,6 41.8 | 54.1 | 50. 1.36 | 0.77 | 0.s2 | 0.17 | 1.76 | 8.50 | 1930 | 130 
2,6 | | | 1.56 | 0.71 8.92 | 1931 
ieee a ' | 1932 | 3,6 44.7 | 68.6 | 31.3 | | 1.65 | 0.4" 7.48 | 1932 | 
| 
ee 2] 1929 | 3,4 Mu | c3.2 | 94.4 | 64. 1.40 | 0.1: 4.82 | 1929 2 | 
| 324 5 | 78.8 | 94.3 | 77.1 | 2.2 1.14 | 0.0: 5.31 | 1930 
1931, | 3,4 86.5 | 97.6 | 89.8 | 2.1 1.09 | 4.68 | 1931 
4, 19320] 374 | 97.8 | 91.2 | 2.3 1.03 | 0.1¢ 4.78 | 1932 
164 | 1930 | 3,3 1 90.7 72.7 3.0 1.38 6.07 1930 164 
hee 1932 | 3,3 | ---- | 60.0 | 64.9 | 2.5 1.28 | 0.5: 6.05 }| 1932 
an _ re 929 | 3,1 1 | 42.2 | 36.2 | 4.5 5.62 | 0.4% > | 0.15 | 1.82 ]13.93 | 1920 3 
Same wr , 1950 3,1 — 4 | 32.7 | 5.0 | || 4.71 | 0.23 | MM | 0.03 | 2.10 |12.76 | 1930 | 
pee 1931 | 3,1 | 1221 1931 
1932 | 3,1 | 28.5 | 4.60 | | | 4.54 | 0.25 | | 0.01 | 0.62 }10.19 | 1932 
1930 3,0 34. mm | 35.7 | 3.9 1.37 | 0.3% 3 | 8.50 | 1930 720 
1931 | 3,080 | 34. + | 1.43 | 0.22 | 7.67 | 1931 
ee : 1932 | 3,0 1.8 | Mm | 35.9 | 2.9 1.24 | 0.0" 6.56 | 1932 
1°30¢ 00 16.3 | 5.5 | 3.78 | 12.96 | 1930 | 109 
ae aed 1932 | 2,925 8.9 | MM | 11.5 | 5.cm 01 | 0.2 13.59 | 1932 
7} 1929 | 1,¢ 26. 53.2 | 5 
193 *730 38. 53.1 | 4 3.17 | 1.15 11.11 | 1930 
1931 2,730 43. 36.4 3 3.79 0.56 9.72 1931 
1932 | 2,73C 42. 36.3 | 3 3.29 | 0.4% 8.09 | 1932 
iy 7 930 | 2,520 37. 61.1 | 3. 1.61 8.33 | 1 
1931 2:5 25. 44.1 | 2. 2.19 | 0.5: 9.70 | 1931 
Sooo 8 jr 1932 | 2,520 27.5 47.4 | 3.1 2.09 | 0.57 9.51 | 1932 
7 
6 9 3 1.23 | 0.42 | | ---- | 0.71 | 5.52 | 1931 | 978 
978 | 1931 | 2,520 core | | | | 02 Be 
1952 | 2,520 14.4 | 5 
Petia 


OIL AND GAS POWER 


- COMPARATIVE COSTS - 1929, 19350, 1951 AND 1932 REPORTS (PAGE 2) 


COSTS PER NET K.W. HR 


T, 
SUPERINTENDANCE 


ANNUAL PLANT LOAD FACTOR 
AVERAGE COST OF FUEL OIL 
- CENTS PER GALLON 
MISCELLANEOUS INCLUD- 
COST OF ENGINE REPAIRS 
TOTAL OF ALL SUPPLY, 
REPAIR, AND MISCELL- 
ANEOUS COSTS 
TOTAL PRODUCTION COST 


RUNNING PLANT CAPACITY 


FACTOR 
COST OF SUPPLIES AND 


PLANT NUMBER 
TOTAL ISSTALLED B.H.P. 
TOTAL NET OUTPUT 

HRS. 
PLANT SERVICE FACTOR 
LUBRICATING OIL COST 
ATTENDANCE CO 
COST OF ALL OTHER 
PLANT REPAIRS 


CLUDING 


FUEL COST 


1929 2,838,950 | 27.4 | 44.8 
1930 960 2,659,910 | 30.9 | 43.4 
1931 3,403,390 | 29.8] 52.3 
1932 34.9 | 52.0 


PLANT NUMBER 


1930 1,658,900 ' 24.1 ' 37.0 
1931 No Reply to Inquiries for 
1932 1,015,200 15.7 , 24.8 


1930 1,270,520 68.0 
1931 1,556,510 73.3 
1932 1,371,480 67.2 


1929 3,798,810 
1930 59.0 
1931 |< 67.3 
1932 3,696,090 65.5 


1930 3,184,025 
1931 3,204,390 
1932 3,280,357 


1929 319,120 
1930 5 
1921 
1932 


No Reply to 
1,318,898 


7 | 97.4 


3,336,660 67.5 
3,038,210 63.9 


at 


No Reply to Inquiries for 


1,512,520 $1.6 | 52 6.37 
1,720,560 | 54.4 5.71 
1, 687,500 -1 | 52.0 4.95 


ee 
2, 

ar sas 


1,372,941 78.5 4.68 
1,568,700 89.9 3.45 
1,163,370 84.2 3.84 


ao 


2,016,465 49.0 3.80 
2,101,374 $1.1 3.43 
2,057, 699 48.9 3.29 


eco 


Oa 

COO 
eee 


ase 


Part Time 


228,700 69.6 3.2 | 4.43 4.13 
217,147 71.6 2.9 | 3.60 | 3.22 


796,450 62.1 11.2 5.61 6.97 
826,340 72.8 13.2 | 4.26 
896,220 62.4 15.7 4.68 


2,760,680 ¢ 77.8 57.2 | 3.35 
3,590,240 69.7 52.5 | 3.64 


2,361,123 ence | | 6.72 
| ence | 4.49 
| | 3.94 
2,327,071 62.4 | 40.0 | 3.74 


2,049,000 57.0 | 39.1 | 3.37 
1,876,410 58.7 | 35.3 | 2.61 
1,627,980 55.0 | 32.7 | 3.04 


BFS B 


Intermittent Operation in 1952;|Records Incomplete 


1,446,160 29.9 0.32 
1,655,300 31.3 0.26 
1,665,900 29.9 0.24 


2,523,740 42.7 67 | 0.51 
2,528,017 43.9 0.43 


Not Operated “uring 1932; - Redgced Industrial Acti 
1,980,400 | ---- | ---- 3.68 0.44 


1,868,725 | 41.7 62.0 2.83 0.46 
1,675,057 38.4 54.3 3.03 0.55 


5,125,835 | 60.4 | 71.4 2.44 0.21 
3,793,300 | 43.6 | 76.3 1.92 0.16 
127/335 | 1.7 | 50.4 0.97 0.36 


aro 


1,571,504 | 26.6 | ---. 48 ; 0.32 
1,608,939 | 29,3 | ---- 0.22 
1,521,613 | 29.4 | 61.9 0.29 


= 
a | 
} 
93 59.4 | 4.16 | 5.25 | | 2.50 015 | 0.3¢ -89]} 1929 | 
+6 | 4.0 5-55 | 0.39 | 2.65 | 0.16 | 0.51 | 0.02] 0.69 | 9.08] 19230 ft Be ean 
-6 | 2.79 | 3.36 | 0.38 | 2.14 | 0.13 | ---- | ---- | 0.44 | 6.32] 1932 f > "See 
-5 | 3.09 | 3.76 | 0.42 | 1.81 | 0.10 | 0.67 | 0.05 | 0.82 | 6.83| lose SOO 
60 +7 | 4.62 | 5.54 | 0.04 | 4.81 | ---- | ---- | ---- | 3.24 114.53] 1930 eof 
| 4-69 | 7.48 | 0.75 | 5.22 | 0.60 | ---- | ---- | 2.76 |16.19] 1929 
723 +3 | 5.62 | 6.46 | 1.15 | 4.01 | 0.39 | 2.37 | 0.97 | 3.73 [15.35] 1930] 723} 
-- | 4-21 | 4.23 | 0.95 | 3.56 | 0.53 | 0.86] 0.70 | 2.09 l10.83| 1931 
| 4.31 | 4.13 | 0.74 | 3.71 | 0.76 | ---- | ---- | 2.55 ]11.13] 932 2 
41 -- | 5.51 | 5.43 | 0.48 | 4.11 | 0.24 | 0.22 | 0.07 |] 0.53 ]10.55] 1929 41} 7 SN 
+2 | 5.19 | 5.09 | 0.46 | 4,08 | 0.37 | 0.63 0.15 | 1.15 ]10.40] 1980 
+2 | 4.57 | 4.48 | 0.51 | 3.65 | 0.25 | 0.24] 0.13 | 0.62 | 9.46] 1931 ¥ 7 tend 
| 4.10 | 3.66 | 0.62 | 4.05 | 0.23 | 0.2€ | 0.08 | 0.57 | 9.10] 1932 
79 +6 | 3.33 | 3.12 | 0.46 | 4.13 | 0.08 | 0.49 | 0.31 | 0.68 | 8.50] 1930 
+6 | 2.62 | 2.3€ | 0.30 | 3.31 | 0.13 | 0.20} 0.13 | 0.46 | 6.45] 1932 i 7 ce eee 
39.3 | 06.4 | 40.6 | 2.49 | 2.21 | 0.45 | 3.53 | 0.11 | 0.23 | 0 0.34 | 6.53] 1932 } “Livipe tis 
5 3.7 | | ---- | 4.15 | 5.45 | 1.77 |11.c1 | 3.56 | ---- | ---- |s6.82| 1929 
8.1 | -----| ---- | 4.04 | 4.86 | 1.25 | 6.56 | 1.16 | ---- | 1930 
10.0 | ---- | ---- | 3.33 | 3.86 | 0.80 | 2.15 | 0.79 | ---- | ---- | 2:18 | 8.99] 1931 i ji ’ Seta 
-€ | 3.54 | 3-90 | 0.65 | 1.21 | 0.53 | ---- | ---- | 1.30 | 7.25] 1932 , ay 
6 | 1929 | 2,100 - 4.17 | 0.72 | 2.67 | 0.47 | | ---- | 1.62 | 9.17] 1929 6b 
1930 | 2,100 3.93 | 0.57 | 2.07 | 0.40 | ---- | ---- | 2.03 | 8.60] 1930 
1921 | 2,100 5.53 | 0.62 | 1.e9 | 0.31 | ---- | ---- | 1.13 | 7.17] 1931 
1932 | 2/100 | 3.40 | 0.45 | 1.64] 0.25 | ---- | 1:05 | 6.84] i932 i 
68 | 1931 | 2,060 | 2:39 | | 2-42 | 9-22 | 0.32 | 0.37 | 0.79 | 5.94] 2932 es | 
1952 | 2,000 3.60 | 0.42 | 1.54 | 0.18 | 0.43] 0.08 | 0.69 | 6.25] lose 
728 | 1931 | 2,040 728 
83 | 1930 |1,000 1.54 [15.71] 1930] 63] 
1931 | 1,000 1.€6 [14.34] 1931 
1932 | 2,000 68 | 5.08 1932 
215 | 19304 |1,960 le | | 6.82] 1930] 
1931 |1,960 ce | 0.99 | 6.05] 1932 4 
1932 | 1,960 0.62 | 6.23] 1932 
637 | 1930 |1,875 lz | 5.10 f16.97] 1930] 937 = 
1631 | 1,875 | 4.77 |14.86] 1931 = 
19s2 {1,875 90 | 8.01 /17.99] 1932 
997 | 1931 | 1,800 997 
212 | 1931 |1,750 0.51 | 2.21 | 0.26 | 0.00 | o 0.37 | 7.22] 1931 | 212] 
722 | 1930 |1,705 0.69 | 7.99 | 1.49 | 1.19 | 0.90 | 3.58 1930 722} 
1931 |1,705 0.56 | 8.48 | 1.03 | 0.14 | 0.44 | 1.61 |15.28] 1931 
1932 |1;705 0.63 | 6.53 | 0.94 | ---- | ---- | 2.55 |14:78| i932 
: 738 | 1931 }1,680 0.49 | 1.43 | 0.09 | 0.52 | 0.36 | 0.97 | 6.92] 1931 | 735 ; 5 cy 
16 | 1929 |1,650 4.52 | 0.41 | 2.88] 0.26 | ---- | 9.81] 1929 18 
1930 |1,650 4.61 | 0.61 | 8.06 | 0.21 | | 2.00} 1930 
1931 |1,650 5.95 | 0.68 | 1.98] 0.41 | ---- | 8.73 | 1931 
1932 |1,650 | 0.61 | 1.72 | 0.86 | 7.45| 1932 
8 | 1930 |1,560 3.40 | 0.68 | 4.68 | 0.70 | 0.27 | 9.63] 1930 8 
1931 1;560 2.92 | 0.41 | 3.61 |] ---- | --- 7.48] 1931 
1932 | 1,560 3.26 | 0.54 | 4.85 | ---- | ---- | 9.27] 1932 
10 | 1951 | 1,500 10 
132 | 1930 |1,500 4.51 | 0.34] 0.34 f0.15] 1930 | 
4.41] 0. +35 | 8.31 32 
>, 1932 | 1,500 33 31} 19 
1931 | 1,465 4.71 | 0.52 | ---- | ---- | 1.44 10.35] 193r | 289 
865 | 1931 |1,450 ty 865 { yer 
70 | 1930 | 1,420 3.84 | +12 | 0.05 | 0.30 | 8.39] 1930 70 
1931 |1,420 3.48] 0. -85 | 0.38 | 1.55 | 8.74] 1932 
3 | 1930 |1,400 1.12] 0.¢ w--- | ---- | 3.44 | 6.90] 1930 163 
1931 | 1;400 1.60 0. | ---- | 2.16 | 5.67] 1931 
1932 13400 7.30 0.3 5.53 0.58 6.47 [5.34 1932 
154 | 1930 | 1,400 5-95 | 0.35 | ---- | ---- | 0.71 | 6.77] 1930 154 
1931 1,400 4.22 0.44 see 1.58 8e96 1931 
- aie 


COMPARATIVE COSTS - 1929, 1950, 1951 AND 1952 REPORTS (PAGE 3) . 


COSTS PER NET K.W. HRs = MILLS 


PLANT CAPACITY 
EL OIL 


TOTAL INSTALLED B.H.P. 
ANNUAL PLANT LOAD FACTOR 
CLUDING SUPERINTENDANCE 


COST OF ENGINE REPAIRS 


MISOELLANEOUS, INCLUD- 


ING WATER 


PLANT SERVICE FACTOR 
ATTENDANCE COST, IN- 
COST OF SUPPLIES AND 
COST OF ALL OTHER 
PLANT REPAIRS 


- CENTS PER GALLON 
LUBRICATING OIL COST 


TOTAL NET OUTPUT 
AVERAGE COST OF FU 


PLANT NUMBER 


RUNN ING 


TOTAL OF ALL SUPPLY, 
REPAIR, AND MISCELLANEOUS 
TOTAL PRODUCTION COST 


PLANT NUMBER 


Intermittent Operation in ;]Records Incomplete 


1,169,971 55.9 ‘ 7.44 
1,131,661 59.2 6.60 
1,259,958 58.3 6.29 
1,176,048 50 | 57.4 5.94 


orn $3833 


nano 


1,976,000 4.39 
2,640,671 3.16 
3,324,653 74.4 3.43 


833,560 
1,481,990 46.9 


3.47 
3.83 


5.40 
5.56 


606,740 83.3 
650,831 77.2 


oo oo 


1,611,876 
2,148,910 
2,207,300 
2,064,882 58.3 


4.69 
4.235 
3.83 
3.67 


CO 


Not Operated in 1932, Territory Served by High 
No Reply to Inquiries for 1932 


1,553,500 5.10 
1,609,550 4.50 
1,565,000 56.5 | 44.7 4.51 


1,675,810 48.0 | 57.8] 3.23 
1,408,900 50.7 | 45.4 | 3.12 
869,940 51.9 | 27.4 | 2.36 
565,350 84.2 6.9 | 2.38 


Rae 


1,133,027 49.1 | 37.7] 5.61 
1,215,181 61.5 | 32.2] 3.56 
67,500 50.9 | 31.5] 2.74 
727 , 300 41.2 | 29.8] 2.82 


Q 
te) 


Incomplete Data Furnished For 1932 


4,867,305 | ---- 68.7 | 5.08 
1,906,347 | 31.4 69.2 | 5.07 
1,507,615 | ---- 59.8 | 5.15 


ooo 

30 


Sas 


4,110,052 | 74.3 94.9] 3.82 
4,616,205 | 78.0 95.6 | 3.31 
4,524,387 | 78.7 96.2 | 3.20 


238 


82 


1,091,000 | 21.9 25.7 | 3.00 
324,600 | 6.7 7.3 | 1.87 


Oa 


ou 


1,405,473 | ---- ; 49.4] 4.32 
1,974,459 | 33.4 43.7 | 3.98 
2,974,884 | 50.7 56.4 | 3.25 


OO 


208 


ee 


2,136,540 | 41.0 62.7 | 3.55 
2,780,400 | 59.3 60.3 | 3.50 
2,950,500 | 62.6 64.5 | 4.01 


ann 


Data Not Received for 1932 


1,677,817 | ---- | 63.2 | ---- | 5.57 
1,774,521 | 39.9 | 64.5 | 56.7] 4.73 
1,352,460 | 35.4 | 65.8 | 38.0] 3.44 
1,500,880 | 42.8 | 61.5] 48.9 | 3.74 


2,300,000 | 50.4 | 70.6] 63.7] 3.26 
2,355,470 | 52.8 | 71.0] 65.2] 2.65 
1,975,660 | 44.2 | 69.0] 56.2] 2.55 


38,740 1.5 | 50.6 3.0 | 5.00 
68 , 389 1.7 47.0 3.6 | 3.59 


Incomplete Data Furnished for 1932 Because of Forces 
4.10 ) 8.63 


3.68 | 4.40 5.99 
2.76 | 3.38 5.86 


800 , 000 27.4 
951,426 31.5 
998 , 200 32.8 


2,122,057 92.5 
1,906,182 76.2 
1,655,114 76.2 


Oo 


4.10 | 4.13 1.61 
3.84 1.56 
3.12 1.80 


3.72 1.66 
5.53 1.96 


3.56 1.59 
3.51 1.88 


628,880 74.1 
575, 200 76.5 


915,865 76.8 
482,220 74.5, 


49,340 anes 4.08 44.30 
557,470 3.41 4.71 
929,460 82.7 3.55 2.65 


| & 

1951 | 1,550 11 
13] 1929 | 1,225 0.57 | 4.74 | 1.00] 0.89] 2.66 |15.41] 1929 13 
1930 | 1,225 0.65 | 4.88 | 0.54] 0.39 1.01 |13.14] 1930 
1931 | 1,226 0.73 | 4.69 | 0.24] 0.32 0.60 12.31] 1931 
1932 | 1,225 0.68 | 4.50 | 0.48 | 0.59 1.44 |12.56] 1932 
725 | 1930 | 1,310 0.84 | 2.58 | 0.38] 0.46 1.04 | 8.85] 1930] 725 
1931 | 1,310 0.58 | 1.78 | 0.40] 0.21 0.76 | 6.26] 1931 
' 1932 | 1,200 0.81 | 1.70 | 0.18 | 0.24 0.44] 6.38] 1932 
= 451 | 1931 }1,200 | | | 0:82 | 4:92 | 2-36 | 0.22 0.75 | 9.06] 1931] 451 
1932 | 1,200 51.0] 3.4 0.52 | 3.50 | 0.21] 0.12 1.30 | 9.15] 1932 
333 | 1931 | 1,200 10.8'| | | 1-80 | 5.00 | 4.00) 2.47 6.47 }18.67| 1931 | 333 
| 1,200 12.5] 5.5 0.70 | 6.66 | 2.e6] 0.75] M.o2] 3.63 }16.36| 1932 
i7 1929 |1,200 0.53 | 2.64 | 0.67] ---- | ----| 2.11 | 9.07] 1929 17 
1930 | 1,200 | 406 0.50 | 2.06 | 0.36] ---- | ----| 1.96] 8.75] 1930 

1931 | 1,200 esos 0.40 | 1.62 | 0.42] ---- | ----] 1.89] 7.94] 1932 
1932 | 1,200 51.4 0.38 | 1.66 | 0.38 | ---- | ----] 1.36] 7.07] 1932 
980 | 1931 | 1,200 
616 | 1930 | 1,150 -39 |10.88 | 1930] 616 
1931 | 1,150 4.35 12.22 | 1931 

1932 | 1,150 @.31 12.02 | 1932 
95 | 1929 | 1,120 3.76 8.51 | 1929 95 
1930 | 1,120 3.83 8.66 | 1930 
Viger 1931 1,120 2.91 8.335 1931 

1932 | 1,120 2.46 4.29 | 1932 
96] 1929 | 1,100 4.30 14.28 | 1929 96 
1930 | 1,100 3.54 9.88 | 1930 

1931 | 1,100 2.95 9.90] 1931 
1932 | 1,100 3.51 11.25 | 1932 
721 | 1931 | 1,060 
78 1928/3041 1,060 4.92 9.35 | 1928/30 78 
1931_ | 1,060 5.88 12.27] 1931 
19328 | 1}060 6.23 12.11 | 1932 

goi | 1930 | 1,000 4.19 7.72 | 1930] 601 
1931 | 1,000 3.28 1.20 | 0.28 | 0.02 6.12 | 1931 
1932 | 1,000 3.36 0.14 | 0.30] 0.06 5.17 | 1932 
7368 | 1931 | 1,000 3.47 0.46] 1.28] 0.35 9.89] 1931 | 738 
1932 | 1/000 1.74 1.64 11.29 | 1.98 25.34 | 1932 
1061 | 1930 980 3.22 | once | 5.01 | 1930] 1061 
niieee a 1931 980 3.59 a 0.18 | 0.63 | 0.10 5.98 | 1931 

: 1932 980 2.95 0.14] 0.59 | 0.25 4.90 | 1932 

= 
ts g63 | 1930 | 1,100 3.29 1.76 | 0.46 | 2.32 | 0.06| 2.84] 8.80] 1930] 863 
1931 975 3.13 1.98 | 0.19] 0.55] 0.06] 0.80 | 6.57 | 1932 

1932 975 3.57 1.60] 0.59 | 0.85 | 0.19 | 1.63 | 7.26] 1932 

49} 1931 970 
98 | 1929 | 1,000 7.31 | 1.05 | 3.05 | 0.45 | 1.68 | 0.21 | 2.34 }13.75 | 1929 98 
1930 900 6.37 | 0.90 | 3.28 | 0.60] 1.00] 0.31 | 1.91 |12.46 | 1930 
1931 | 1,000 4.85 | 0.50 | 3.67 | 0.64] ---- | ---- | 2.42 |11.44 1932 
1932 900 4.59 | 0.47 | 3.04] 0.41 | 0.30] 0.09 | 0.80 | 8.90] 1932 
83] 1930 900 3.68 | 0.73 | 2.12] 0.43] 1.76] 0.05 | 2.24 | 8.77 | 1930 53 
on ea 4 1931 900 3.06 | 0.53 | 2.00] 0.42] 2.94] 0.05] 3.41 | 9.00] 1932 

1932 900 2.90 | 0.41 2.21] 0.41 | 3.79] 0.02] 4.22 | 9.74] 1932 
260 | 1931 900 11.17 | 0.65 | 6.24] 4.44] 4.44 |22.50 | 1931 260 
1932 900 5.54 | 1.42 | 5.26] 0 0.18 | 0 0.18 |12.20 | 1932 

Ph 
| 1930 850 1.03 | ---- | ---- | 2.53 ]17.31 | 1930 | 189 
1931 850 0.78 | | | 2.44 13.19 | 1931 
1932 850 0.34 | | ---- | 1.46 [11.52 | 1952 
| 2930 840 50. 0.15 | ---- | ---- | 0.37 | 6.67 | 1930 | 1056 
ee eee “ar 1931 840 55. 0.50 | 0.66 | 0.28 | 1.44 | 7.21 | 1931 
Pon ae oa 1932 840 47. 0.62 | 0.42 | 0.24] 1.28 | 6.40 | 1932 
619 | 1931 840 23. 0.85 | 1.70] 0 2.55 | 8.07 | 1931 619 
1932 840 15. 1.06 | 1.55 | 0.32 | 2.93] 8.77 | 1932 

| | 0.70 | 2-61 | 0.28 | 2.59 | | | 494 

| 40 0:87 | 0.60 | 1.22 | 2:69 | 8-49 | 1952 

153 | 1930 840 11.92 | | ---- | 24.43 |77.44 | 1950 153 
1931 840 0.90 | | ---- | 1.83 |10.61 | 1951 
1932 840 0.78 | ---- | ---- | 1.24 | 7.60 | 1952 


COMPARATIVE COSTS - 1929, 1930, 1931 AND 1932 REPORTS (PAGE 4) 
7 COSTS PER NET K.W. HR. - MILLS 
3 ta 
ae 
731 19350 825 454,041 9.2 49.2 18.7 5.75 5.96 1.84 9.43 0.37 1.56 19] 1.93 | 19.16 1930 731 
1931 825 592,895 11.8 61.2 20.8 4.84 4.91 1.00 6.58 0.23 0.59 ie] 0.82 | 13.31 1931 
19352 825 554,765 11.1 68.2 17.7 -00 3.70 1.17 7.50 1.20 1.63 0.09 2.92 | 15.29 1932 
648 1931 800 1,180,517 32.1 80.9 31.7 3.53 3.23 0.38 2.97 0.76 0.02 0.06 0.84 7.42 1931 648 
1932 800 1,068,900 31.3 70.2 33.2 3.23 3.12 9.39 3.13 0.40 0.46 0.11 0.97 7.61 1932 
112 1930 740 1,165,500 29.7 68.1 42.2 4.43 5.19 0.83 5.46 0.19 0.54 0.12 0.85 | 12.33 1930 112 
1931 740 1,195,128 34.8 71.5 41.8 3.42 3.47 0.74 5.38 0.18 0.35 0.25 0.78 | 10.37 1931 
1932 740 1,443,130 41.9 76.8 46.7 3.52 5.57 0.64 4.19 0.23 0.06 0.04 0.33 8.73 19352 
100 1931 740 Not Operated in 1952, Territory|/Served by High Line 100 
718 1930% 720 604,312 ---- 36.9 51.5 4.27 6.05 1.33 6.50 0.83 1.70 0.58 3.11 | 16.99 1930 718 
1931 720 691,477 38.6 34.9 51.4 3.45 4.66 1.353 5.04 0.68 6.28 0.14 7.10 | 18.13 1931 
1932 720 644,557 51.0 33.0 51.2 3.61 4.98 1.02 5.39 0.64 1.05 0.77 2.46 | 135.85 1932 
527 1930% 720 673,300 ---- 37.0 56.2 3.87 §.02 1.59 5.97 0.25 0.04 0.04 0.33 | 10.91 1930 527 
1931 720 933,200 31.9 41.4 60.5 2.83 3.35 0.82 3.48 0.29 0.13 0.01 0.43 8.08 1931 
1932 720 967,000 31.1 39.6 59.2 3.10 3.52 0.81 5.08 0.24 0.25 0.03 0.52 9.93 1932 
170 | 1930 720 660,110 | 19.5 | 64.7 | 32.7 | 6.51] 7.28 | 0.89 | 2.50 | 0.12 | 1.30 | O 1.42 | 12.09 | 1930 170 
1931 720 835,219 22.4 64.5 31.6 6.20 6.78 0.78 2.19 0.20 2.64 .e) 2.84 | 12.59 1931 
1932 720 675,576 17.4 58.2 28.5 5.53 6.01 0.84 2.71 0.22 ---- ---- 1.63 | 11.19 1932 
6V 1929 720 1,163, 600 64.0 79.1 33.7 5.94 6.03 0.55 1.60 0.21 0.04 0 0.25 8.45 1929 67 
19350 720 1,098,900 58.4 82.9 30.3 4.97 4.73 0.71 1.70 0.23 1.03 | 0.02 1.28 8.42 1930 
1931 720 891,200 48.5 62.3 25.6 4.58 4.38 0.87 2.09 0.24 1.05 0.10 1.39 8.73 1931 
1932 720 610,190 44.0 81.5 23.4 4.47 4.59 0.94 2.30 0.30 1.04 0.12 1.46 9.09 1932 
19 1929 700 603,260 29.8 ---- ---- 4.50 6.52 1.40 5.40 1.07 ---- ---- 2.24 | 15.36 1929 19 
1930 700 710,280 34.9 ---- 4.13 5.72 1.26 4.96 1.07 ---- ---- 4.05 | 15.99 1930 
1931 700 694,060 34.8 ---- ---- 3.735 5.27 1.47 5.15 0.80 ---- ---- 5.59 | 17.48 1931 
1932 700 612,980 36.7 48.5 33.1 3.63 4.87 1.35 4.96 1.01 ---- ---- 1.68 | 12.86 1932 
368 1931 700 No Reply to Inquiries for 1952 
106 1929 600 750,419 ---- ---- ---- 4.66 4.76 0.66 2.66 0.61 ---- ---- 2.62 | 10.69 1929 106 
1930 600 1,435,434 35.6 ---- ---- 4.49 4.18 0.27 3.09 0.65 ---- ---- | 2.52 | 10.06 1930 
1931 600 1,504,859 28.1 ---- ---- 3.97 3.71 0.24 3.05 0.68 ---- ---- 1.76 8.76 1931 
1932 600 1,358,285 31.5 71.4 55.8 2.77 3.57 0.27 3.07 0.74. | ---- ---- 2.07 8.98 1932 
hO96 1931 600 726,486 20.8 74.0 29.3 3.68 3.13 0.50 4.46 | 0.76 0.48 0.41 1.65 9.74 1931 1096 
1932 600 708 , 626 19.7 69.9 29.3 3.88 3.39 0.50 2.09 0.65 1.45 0.27 2.37 8.35 1932 
hoo4 1931 600 678,550 19.5 78.5 25.3 3.84 5.43 0.27 2.65 0.91 1.80 0.37 3.08 9.43 1931 1094 
1932 600 572,600 17.2 78.0 22.4 3.79 3.78 0.35 1.52 1.24 0.37 0.50 2.11 7.76 1932 
61 19350 600 1,539,900 oo-- 52.3 79.6 6.359 5.31 0.59 6.53 0.33 0.61 0.06 1.00 |12.43 1930 61 
1931 600 1,555, 200 38.7 68.4 64.7 4.20 3.46 | 0.356 5.357 0.11 1.07 1.18 | 10.37 1931 
1932 600 1,560,550 | 37.9 | 64.5 | 60.7 |] 4.63 | 3.97] 0.38] 5.76 | | 1.02 | 0.03] 1.09 |11.20] 
103 1929 390 772,985 40.8 53.3 67.8 4.63 6.04 0.99 5.82 0.56 0.85 0.28 1.69 | 14.54 1929 103 
1930 590 995,145 38.0 60.2 61.2 4.20 5.45 0.93 | 4.60 0.49 1.73 0.43 2.65 |135.61 1930 
1931 590 1,015,536 54.0 58.3 52.4 3.31 4.63 | 0.67 4.24 0.69 ---- ---- 2.03 |11.57 1931 
1932 590 642,514 40.5 5164 49.7 3.94 6.42 0.71 5.13 0.50 1.00 0.25 1.75 | 14.01 1932 
662 | 1930 588 627,820 | 25.5 | 47.7 | 59.7 | 4.43 | 4.62 | 0.85 | 8.84 | 0.42 | 1.63 | 1.88 | 3.93 |18.22 | 1930 862 
1931 588 640,560 25.7 46.9 41.7 3.27 3.81 0.70 | 10.77 0.40 1.24 0.97 2.61 |17.89 1931 
1932 588 609,820 | 51.2 | 47.9 | 38.6] 35.14} 35.87 | 0.75] 8.69 | 0.47 | 1.71 | 0.48] 2.66 |15.97 | 1932 
102 1929 480 577,920 24.7 39.8 58.1 3.41 5.22 1.61 8.51 0.57 0.56 0.350 1.43 | 16.77 1929 102 
1930 580 591, 620 27.4 435.7 55.1 3.25 4.78 1.36] 8.32 0.34 0.28 0.35 0.97 {15.43 1930 
1931 580 592,210 26.0 50.1 38.8 2.49 3.75 1.06] 7.63 0.21 = — 0.67 |13.11 1931 
1952 580 122,230 9.9 44.2 9.2 2.51 3.56 1.08 7.04 0.29 0.10 0.11 0.50 |12.18 1932 
540 1931 540 713,355 32.9 ---- ---- 3.30 4.10 1.72 5.52 0.35 0.38 0.06 | 0.79 |12.13 1931 540 
1932 540 633,751 | 28.2 40.9 51.3 3.56 4.46 1.91 6.22 0.69 0.19 0.88 | 15.47 1932 
246 | 1930 540 364,500 | 28.8 | ---- | ---- | 6.47 [11.42] 2.69] 9.80 | 0.69 | 0.14 | O 0.83 | 24.74 | 1930 246 
1931 540 407,085 33.6 38.0 35.4 6.29 9.15 2.19 8.78 0.41 0.35 1°] 0.76 | 20.88 1931 
1932 540 412,636 30.7 35.1 38.5 6.17 9.05 1.86] 8.66 0.28 0.10 i?) 0.38 |19.95 1932 
101 1929 540 666,871 36.5 53.7 40.3 3.56 4.85 1.43 6.39 0.83 2.67 0.57 4.07 |16.74 1929 101 
1930 540 768,521 | 49.1 | 60.5] 40.6 | 5.79 | 4.56] 0.90] 5.62 | 0.35 | 0.7 0.05 | 1.12 |12.20 | 1930 
1931 540 706,879 | 48.3 | 56.7 | 45.0} 2.34] 3.11] 1.01] 4.34 | 0.34 | ---- | ----/ 1.03 | 9.49 | 1931 
1932 540 670,782 | 44.5 | 58.8 | 43.1 | 2.44] 3.15] 0.78] 4.20] 0.35 | 1.88 | 0.08} 2.29 |10.42 | 1932 
772 1931 500 222,100 9.5 74.5 10.7 3.72 3.67 0.68 9.55 3.41 3.67 0.56] 7.64 | 21.54 1931 772 
1952 500 142,750 6.2 73.7 7.1 3.72 3.90 0.64 4.90 | 4.15 0.57 0.46 5.18 |14.62 19352 
501 | 1930 480 403,022 | 32.5 | 40.6] 57.5} 5.50}| 7.58] 1.80] 10.58 | 0.40 | 0.14 | 0.31 | 0.85 |20.81 | 1930 501 
1931 480 452,970 | 37.5 | 30.5] 42.6] 5.95 | 5.55] 1.60} 8.50] 0.49 | 0.62 | 0.55 | 1.44 |17.07 | 1931 
1932 480 421,162 | 35.4 | 37.9] 41.7] 4-71 | 6-85] 1.94] 8.37 | 0.40 | 1.04 | 0.39 | 1.83 [18.99 | 1932 
615 | 1932 440 Incomplete Data Purnished for 1952 615 
931 | 1932 440 Reported "No Data" for 19352 932 
335 | 1930 4350 432,940 | 538.5 | 33.2] 57.0 | 4.85 | 5.45] 0.57] 11.01 | 1.25 | 0.19 | 0.07 | 1.51 |18.54 | 1930 335 
1931 430 409,446 39.2 37.2 53.6 3.82 4203 | 0.64 9.74 | '4.06 }| 0.40 0.05 4.51 |18.92 1951 
1932 430 490,130 | 38.9 | 37.1] 55.4] 3.11] 5.207 0.71] 7.15 | 1.26 | 0.03 | 0.03 | 1.52 [12.38 | 19352 
24} 1931 400 No Reply to Inquiries for 1932 24 
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TIONS OF THE AMERICAN SOCIETY OF MECH 


TABLE Il - COMPARATIVE COSTS - 1929, 1950, 1931 AND 1952 REPORTS 


TOTAL NET OUTPUT 
K.W. HRS. 


TOTAL INSTALLED B.H.P. 


PLANT NUMBER 


ANNUAL PLANT LOAD FACTOR 


RUNNING PLANT CAPACITY 


FACTOR 


COSTS PER NET K.W. HR. 


AVERAGE COST OF FUEL OIL 


PLANT SERVICE FACTOR 
- CENTS PER GALLON 


FUEL COST 


LUBRICATING OIL COST 


ISCELL= 


CLUDING SUPERINTENDANCE 
MISCELLANEOUS, INCLUD- 
COST OF ENGINE REPAIRS 
TOTAL OF ALL SUPPLY, 


COST OF SUPPLIES AND 
ING WATER 


ATTENDANCE COST, IN- 
COST OF ALL OTHER 
PLANT REPAIRS 
REPAIR, AND & 

ANEOUS COSTS 


TOTAL PRODUCTION COST 


YEAR 


PLANT NUMBER 


Inquiries for 1932 


28.9 ---- 
25.1 44.6 
24.7 54.2 


| 51.7 


33.4 56.5 
33.1 47.4 
35.9 45.5 


33.6 36.2 


44.8 95.4 
45.7 


2.2 
4.2 ---- 
0.3 | 47.0 


29.3 | 42.6 
for 1932 


7.2 | 66.2 
5.1 | 72.6 


peived 


44.3 
Inquiries for 
---- 42.8 


25.4 37.9 


30.1 ---- 
30.8 | ---- 
32.0 | 28.8 


| 20.5 
---- 21.2 


30.4 29.7 
29.0 29.6 


23.0 


to Inquiries for 1931 


6. 
| 
Data Furnished 
‘ 
Inquiries for 


18.3 | 22.8 


11.3 | 41.5 
13.7 42.5 
5.8 27.7 


Date “urnishe 


6 | 65.0 
3 62.5 
2 62.1 
8 13.7 
3 16.1 
6 | 13.4 


Reported "No Data" For 1932 


$0.06 


1.10 
1.01 
0.81 


3.69 
1.09 
1.01 
1.01 


1.50 
0.40 


0.76 
0.68 


0.69 
0.79 


0.65 
0.45 


0.71 
1.03 


2.06 


1.57 


1.76 
1.83 
1.86 
2.42 
1.52 
3.05 
0.66 


2.38 
2.48 


3.26 
2.78 


1.37 
1.01 


0.94 
0.89 
1.25 


0.91 
1.96 


3.15 }147.25 


2.57 
5.70 


110.52 


$12.66 $19.95 


20.12 
17.37 
16.69 


33.51 
18.44 
15.27 
15.64 


24.42 
24.61 


8.25 
7.45 
51.04 


15.57 
14.58 


25.61 
18.76 


23.28 
19.42 
30.63 
26.57 
24.84 
30.78 
<7.16 
34.28 
10.92 


353.62 
52.10 


52.79 
$1.97 


22.08 
22.19 


10.79 
14.49 
26.38 


32.49 
835.35 


174.31 
39.52 
51.66 


1930 
1931 
1952 


1929 
1930 
1931 
1932 
1932 


1931 


1931 


1932 


1930 
1931 
1952 


1931 
1932 


1931 
1932 


1930 
1931 
1932 


1930 
1931 
1932 


1930 
1931 
1932 


1932 


1931 
1932 


1930 
1931 
1932 


1931 
1932 


1930 
1931 
1932 


1931 
1932 


1930 
1931 
1932 


1091 


105 


265 


27 


201 


TRANSA ANICAL ENGINEERS 
te MILLS 
: 
mm iss. | 400] No Reply to | | 194 
mm | 1930 | 390 428,29 6000 10.79 ] 0.11] 0 0.11 247 
A 1931 | 390 480, 204 47.1] 4.62] 6.0 9.62] 0.05] 0.40] 0.26] 0.71 
1932 | 390 485,76 39.2] 4.55] 5.8 9.76] 0.07] 0.12] 0.05] 0.24 
105 | 19299] 370 272,13 | 6.801 6.9 14.60] 1.76] 6.59] 0.90] 9.25 
1930 | 370 372,33 3507] 3.014] 467 11.00 | 0.97] 0.44] 0.17] 1.56 
1931 370 349,82 39.2] 2.67] 4.2 8.66 | 0.38] 1.3€ 
Avante 1932 | 370 346,440 41.2] 2.35] 3.9 8.32] 0.40] 1.75] 0.24] 2.39 
1091 | 1931 | 360 349,169 | | 49.6] 5.33] 8.1 19.00 ] sone | 
1932 | 360 326,408 | --- 10.85 | 3.20] 0.40] 0.46] 4.06 
161 | 1931 | 360 981,240 49.5] 5.33 | 4.4 2.72] 0.22] 0.10] 0 0.32 161 
1932 | 360 982,300 8.96) 3.44 2.49] 0.16] 0.68] 0 0.84 
~ 
152 | 1930 | 360 25,948 81.00] 12.28] | 22.26 152 
1931 | 360 52,080 4.75 | 5.4 2.57 | 4.80] ----| | 12.2) 
~ 1932 360 88 0.7} 3.90] $0.35 | 
688 | 1931 350 437,000 --- 5.00] 6.6 86] 0.51] 0.17] 0.69] 1.37 688 
1932 | 350 432,500 8| 3.93] 5.32 8.32] 0.12] 0.25] 0.12] 0.49 | | | | 
eee a 365 | 1931 | 345 Date Not Re 365 
774 | 1931 | 345 109,735 8.4] 3.79| 4.74 9.97] 3.03] 6.09] 1.07 10.15 174 
scatgete 7 1932 | 345 77,122 5.5] 3.58] 3.3 | 6.57] 3.52] 1.36] 2.97] 7.88 | || 
ae oan 857 | 1930 | 330 307,163 ----| 3.30] 5.91 | MM] 11.50] 1.75] 1.22] 0.64] 3.8: 857 
1931 330 Wo Reply t 1931 
1932 | 330 379,380 51.3] 2.80] 4.30 | MM] 6.92] 1.62] 3.97] 0.84] 6.6: 
265 | 1930 | 180 184,000 | --- 13.58] 1.10] 0.71] 1.83 
1931 | 320 216,000 | --- | 37.0] 7.79] 11.8 11.57 | 0.32] 0.46] 0.58] 1.3 
1932 | 320 220,000 | | 34.3] 7.30] 11.0 11.37 | 0.16] 0.11] 0.34] 0.6: 
e7 | 1930 | 315 190,375 4.93] 9.0 12.68] 0.77| ----| ---- | 6.68 = 
1931 | 315 208 , 890 30.50 | 0.68) coon | 
1932 | 315 194,105 39.4] 3.63] 7.1 11.061 0.081 «oso, 38,0 
382 | 1931®] 300 86,887 37.4] 3.35] 3.6 4.47] 0.43] 0 0.4: 382 
> 1932 | 300 99,300 28.4] 3.48| 4.7 5.08] 0.42] 0 0.4: 
1129 | 1931 | 300 195,850 40.7] 4.02] 7.6 16.28 | 0.92| 6.52] 0.83] 7.2" 1129 
1932 | 380 184,346 38.9] 4.09] 7.8 16.51] 1.00] 3.68] 0.60] 5.21 | | | | 
858 | 1930 | 1680 123,52 --' 3.41] 6.8 31.90] 4.02] 4.66] 2.08 | 10.7 
= 1931 180 No Repli 
1932 | 270 175, 7, 2.82] 6.4 17.45 | 3.31 | 1.54] 0.43] 5.2¢ 
156 | 1931 270 Incomple 1932 
sane ae 1097 | 1931 | 270 No Reply 52 
516 | 1931 | 240 185,000 | --- 13.12] 0.38] 0 0.3: 516 
1932 | 240 156,800 | | 49.9] 4.12| 6.23 | 14.54] 0.26] 0.15] 0 0.4! 
ees - 169 | 1930 240 151,850 27.1] 5.98] 6.23 2.56] 0.55} 0.51] 0 1.0 169 
oe - 1931 | 240 184,360 31.9] 5.56] 6.23 2.11] 0.87] 4.39] 0 6.2 
1932 | 240 77,310 20.9] 5.04] 6.52 3084] 0.05] once] | 16.7" 
222 | 1931 180 Incomplete) «for 1932 
733 | 1930 | 175 14,800] 1. 1.6) 4.82] 5.54] 2.91] 8.92] 2.91] 0 2.91] 20.28] 1930] 733 
1931 175 3,293 | 0. 0.5] 5.78 | 10.93 10.93 | 9.72] 0 0 9.72 
ae : 1932 | 175 1,788 | 0. 0.3] 3.00] 7.92 18.18 | 34.30] 0.56] 20.43 | 55.29 
646 | 1930 | 120 15,893 3. 7.0] 7.00 | 12.65 11.26] 0 11.21 646 
1931 120 21,035 | 5. 20.4] 7.00] 16.70 16.97] 3.28] 0 
1932 | 120 5,832 | 1 7.6] 5.37 | 18.82 27.14] 0 
201 | 1931 | 100 
NOTES 
Sap aff 10 " 
ef 7.5 * 
11 
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INFORMATION COVERING LUBRICATING OIL 
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NcY 
3ALLON 
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PER GALLON 


oD 
OF NBW LUBRICATING OIL 


I 


Ke 
EFFICIE 


NDERS 


ATING OIL USED 


LENT 


INE HOURS OPERATED IN 


REPORTED PERIOD 


YLINDER BORE - INCHES 
REPORTED PER 


TED HORSEPOWER HOURS 


ENC INE DESIGNATION 


YEAR ENGINE STARTED TO WORK 


OIL FOR CYLINDER LUBRICATION ONLY 


GALIONS OP UNFIT LUBRICATING 


GALLONS OF NEW LUBRICATING 
OIL DISCARDED 


OF NEW LUBRICATING OIL 
RUNNING ENGINE CAPACITY 


FACTOR (SEE TEXT) 
RUNNING PLANT CAPACITY 


FACTOR (SEK T°XT) 
LUBRICATING OIL TREAT - 


JENERATOR RATING K. Ve. Ae 
GROSS OUTPUT - K.W. HRS 
WENT (SEE NOTES) 


TOTAL GALLONS OF NEW 


LUBRI 


NUMBER OF CYL 
RATED H. P. HRS. 


AVERAGE COST OF LUBRICATING 
OIL = CENTS PER GALLON 


20,385,200 
57,391,080 


5 


[>>>> >> 


po 


23,286,460 


2,910,810 
5,711,250 
5;701,250 
3,521,250 


>> 


17,701; 860 


cr EK EE 


crn > > 
oooo 


7,608,000 
3,225,000 
6,103,750 
16,936,750 


>>> 


> 
3 


4,939,250 
13,381,750 


>> > > > 


1 
2 
4 
P 
1 
2 
3 
P 
1 
2 
3 
4 
5 
P 
1 
2 
3 
4 
6 
7 
P 


24,278, 400 


F253 


B82 


we 


4,556,800 
2,000,000 
2,436,850 
4,438,850 
2,627,090 
2,989,580 


3,084,590 
6,901,260 


3,314,100 


88888 8288 88% 


Weunr 

ck >> 

33330 3233 


2,384,995 
1,000,500 
878,300 
868; 
293,400 
18,000 
9,713,620 3,053,100 


18,138,000 


EKER 
33333 


999,000 
1,243;125 


222 


eooce 


> 
Sle 
> 
ERIS 
43 
: 29 1 S78 1916 284 142,000 237 41 | --- 600 | 71.8 68,472 269 fess eam 
20.5 |36 150 925 | 1922 676 676,000 773 390 | --- 875 | 65.2 296,550 384 | cc Sart Siem 
20.5 36 150 925 1925 109 109,000 182 45 --- 600 68.7 50,280 276 & cs ee 
19 24.5 | 200 500 | 1919 471 244,920 282 47 | --- 670 | 76.7 126,210 448 | 3 Le adam 
19 24.5 | 200 500 | 1920 423 219,960 487 59 | --- 450 | 78.6 116,310, 239 | & en see 
30 42 124 | 3,750 | 1928 | 2,569 | 9,633,750 | 4,700 | 1,978 | --- | 2,050 |101.4 6,559,500 | 1,396 | ¢ 
30 42 124 | 3,750 | 1929 | 6,889 | 25,833,750 6,454 | 3,400 | --- |3,055 | 83.0 14,407,200" | 1,704 ee 
30 42 124 | 3,750 | 19328 | 4, 7,708 | 3,005 | --- |2,¢45 | 76.2 10}423,800° | 1353 
14,850 23,062 | 9,010 | --- | 2,490 83.3 | 32,116,114 | 1,392 37.7 
16.98 | 888 S12 1921 | 1, | ----- | --- | ----- | 64.8 208,440 | ----- 
17 180 740 | 1923 | 2,24 con 573,830 | ----- 
17 27 180 740 | 1924 | 1,771 1,328,250 | ------ | ----- | --- | 49.6 442,440 | ----. 
17 27 180 | 1,000 | 1927 | 3,436 | 5,949,100 | | | | | 60.1 1,503,100 | | Bc 
17 27 180 | 1,000 | 1927 | 3,c98 |. 4,262,700 | ~------] | | ----- | 60.1 1,716,210 | ---.- 
17 27 180 }| 1,360 | 1929 | 6,168 | 9,252,000 | | | ane | | 69.46 4°315/500, | ----- 
19.5 |27 240 | 2,960 | 1932¢ 653 | | 496,900? } 
&,102 Mumm | 8,544 | 4,004 | --- | 2,725 60.3 | 9,426,420° | 1,103 66.3 ae 
82 2s se | 700 | 1928 | 609 331 | --- | 4,780 | 70.4 1,374,500 | 2,257 
3 64 928 4, 1,155 657 --- 4,945 60.1 3,074,600 2,662 ree 4 
| 23 32 164 | 1,060 | | 4; 1/177 660 | --- | 45644 | 80.3 3,078,300 | 2°616 
| 23 32 164 | 1,060 | 1930 | 2’ 628 366 | --- | 55269 | 77.5 1,731,100 | 2,757 | s 
29 48 120 | 2,600 | 19334 22 19 | --- | 2,605 | 59.0 22,700 | 1,032 F wee 
6,380 | 2,053 | --- | 78.1 | 9,281,200 | 2,583 69.6 
92 26 225 500 | 1927 | 2, | | | 86.9 544,000 | ----- 
17 24 228 600 | 1927 |s, | | coe | 61.8 920,100 | ----. 
22 30 180 }| 1,000 | 1087 | 4,356 | 4,900,500 | | --.-. | | 54.1 1,778,500 | ----- | cc 
22 30 160 1,000 | 1926 | 3,172 3,568,500 | | §6.0 1,342,500 | 
24 32 225 1,595 | 1930 | 3,120 5,616,000 | ------ | ----- | --- | ----- | 62.6 2,357,000 | ----- Te 
4,595 17,723,400 | 5,520 | ----- | --- | 3,205 56.4 | 6,942,100 | 1,256 41.8 Sar 
73 e40 | & | 20.75 |26 1e0 | 1,063 | 1928 | 5,261 | 6,576,250 | 1,325 sve] 4,963 | 65.2 2,875,700 | 2,170 
*250 640 | & | 20.75 180 | 1,063 | 1928 | 5,614 | 7,017,500 | 1/337 350 | o 5,249 | 66.6 3;140,500 | | cc 
»250 840 | 5 | 20.75 [26 160 | 1,063 | 1924 | 2,444 | 3,055,000 707 167 | 0 4,321 | 66.1 1,356,900 |1,919 | & Beret: 
*250 | | 20.76 |26 iso | 1,063 | 1926 | 1,938 | 607 16s | 3,991 | 69.8 13136,400 | 1’a72 | 
;000 | 3,3€0 4,252 19,071,250 | 3,976 | 1,061 | o 4,796 66.4 | 8,509,500 | 2/140 58.4 ; ee 
92 | 2,400 | 1,612] 8 | 22 24 225 | 2,000 | 1930 | 3 | | coe | 66.8 3,205,000 | --... 
| 1,250 | 5 | 20.78 1eo | 1,228 | 1928 | 2: con. ¥74087600 | 
cH}o | 1,280 840 | 5 | 20.78 |26 | 1,125 |1s2e | | | | 76.6 3,053,600 | ----- | 5 
- 4,900 | 3,202 4,250 4,421 | ----- | --- | 3,830 68.2 | 7,757,200 | 1,755 47.9 
45 TP 600 403 | 6 |16.5 |24 200 soo | 102s | 1 212 210 | o 3,059 | 43.4 £8,900 F 
600 403 | 6 |i6.5 200 600 i923 | 159 108 | 50 | 1,694] 47.6 O78 bal 
780 504] | 23 32 150 625 | 1923 | 1, 157 105 | 50 | 6,908 | 54.0 393,000 | 2,503 | Bc, CaP 
,150 77216 |23 32 150 | 1,000 | | 5; 513 406 | 100 he.ssa | 64.3 2,780,425 | 5/420 | 
| 150 772 | 6 |23 32 150 1,000 | 1926 | 4, 427 324 | 100 f1,567] 64.2 2,128,975 | 4,986 | Bc & 
| 4,250 2,654 3,625 1,466 | 1,155 | 300 [9,116 62.1 5,577,375 | 3,799 36.3 mA aoe 
600 ‘ 17 25 200 450 1925 | ----- | | | | 
14,409 | ----- | --- | 1,678 95.1 | 15,507,500 | 1,070 30.0 
1350 725 206] 0 3,900 | 68.8 1,309,700 | 1,805 
937 163 | 0 2,075 | 65.2 908 | cc Peer 
1,830 169 | 0 1,422 | 69.4 1 662 | & 
994 ge2 | 0 2,528 | 70.2 1 1,191 | BC ae ee 
4,486} 790] 0 | 68.6 1,015 62.9 
is” 1,032 476 | | 3,522] 82.0 1,990 S&P 
1,256 576 | | 3,499 | 82.5 1,942 
2,287 | 1,062 | | 3/509 13941 46.2 
| accuse | 0 & d 
7,939 | 2,925 | oO 1,720 97.8 1,120 27.2 ee 
| ----- | 100 | -----} 61.5 3,462,800 | ----- 
| ----- | 100 | ----- 83.2 3,628,4Q0 | ----- 
13,302 | ----- | 600 | 1,883 80.0 | 13,463,600 | 1,012 .2 
| | | ----- ---- ----- | C&P 
720 834 
640 564 6 |16 20 257 700 | 1926 |4 
ais 720 464 | 6 16 20 287 600 1927 |s, 
300 202 | 3 |17.75 |22 225 250 | 1926 | 2, eos | s 1 
380° 265 | 2 |22.5 [36 150 250 | 1922 1,200 
| 2,069 2,500 40.0 
77 | 3,000 | 2,014 |19.5 |27 240 | 2,612 | 1931 | 6,046 | | 7,158 | 4,404] --- | 2,540] 42.2] 42.8 | 5,208,800°| 730] cca 30.2 
109 gla 453 | 4 |16.75 |22 240 500 |1927 | 1,480 311 tos | --- | 3,212] 44.3 297,800 958 
A | 3, 755 | 8 |14.875/21 287 975 | 1929 | 1,105 516 295 | --- | 2,409] 47.8 399,360 774 | P 
| 1,126 755 | |14.878}21 257 975 | 1931 631 200 178 | --- | 3,549] 57.9 275,960 | 1,380 
lant 2,925 | 1,963 2,450 2.952.000 | 1.027 577 | 200 | 2.880 49.2 973.120 948 60.0 ae 
7 ssof 235 | 6 | 11.8 | 16 277 375 | 1925 | 1,875 65 oa 
3sof 255 | 6 11.5 [16 277 375 | 1925 23352 478,200 259,100 
3550 235 | 6 | 11.5 16 277 375 | 1925 | 1,885 aco. 174,000 | ----- 
750 504] 6 | 16 82 240 760 | 1967 | 4,808 | 3,263,760 | | | 68.9 260,800 | -----| cc 
$20 624 | 6 | 18 22 287 760 | 1950 | 4,048 | 5,766,640 | ------| | 61.6 
2,623 6,707,590 | 2,891] 1,460] 410 | 3,115 87.9 | 3,383,400 | 1,306 29.6 
32 250 1es | 4 [13.75 ]17.5 | 257 200 | 1915 | o 
250 168 | 4 | 15.75 }17.5 | 257 200 | 1916 | 1,875 ----- 
750 604 | « | 23 32 150 685 | 1923 | 4,800 | 5,600,000 | ane | 
2,150 10,492,750 6,039 — 1,737 50.4 | 3,550,900 42.0 : id 
: 
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TABLE ITI =~ INFORMATION COVERING LUBRICATING OIL (PAGE 2) 


ON 


PER GALLON 
G OIL 


L USED 
W LUBRICATING 


IWE CAPACITY 
CaTIN 
PER GALION 


INE STARTED TO WORK 
ERS. 


COST OF LUBRICATING 


CENTS 


CaTING 


LANT NUMBER 


CYLINDERS OPEN OR CLOSED TO 


ICRANK( ASE? 


ENGINE HOURS OPERATED IN 


REPORTED PERIOD 


TW JECTION SYSTEM (See Notes) 
TRUNK PISTON OR CROSSHEAD? 
GENERATOR RATING ~ K.V.A. 


ENGINS DESIGNATION 
RATED B.H.P. 
EQUIVALENT K.W. = 90% 
GENERATING EFFICIENCY 
NUMBER OF CYLINDERS 
CYLINDER BORB - INCHES 
RATED HORSEPOWER FOURS 
IN REPORTED PERIOD 


YEAR EN 


(OIL FOR CYLINDER LUBRICATION ONLY 
GALLONS OF UNFIT LUBRICATING 


OLL DISCARDED 
GROSS OUTPUT F.W. ERS. 


RUNNING PLANT CAPACITY 


OP NEW LUBRICATING OIL 
PACTOR (See Text) 
FACTOR (See Text) 


TOTAL GALLONS OF 

GALIONS OF 

RATED H.P. HRS. PER G. 
RUNNING EM 

GROSS K.W. 

OF NEW LUBR 


IAVERAS 


1,267,560 
13114680 
1,485,960 
3,808,200 2,274,700 
7,690,000 3,604,300 
7,853,750 
15;543,750 7,187,100 


3,976,000 


4,325,200 
1,444,400 


2,998,400 


78,900 


786,240 
2,231,250 
3,203,190 


1,705, 600 
2,005,500 
4,819,650 
8,530,750 


rrr 


PEE] 


1, 


4,295,520 


9,900 
761,800 
903,000 
985,200 

2,679,900 1,751,200 


2,854,600 1,108,600 
1,418,000 477,200 
845,000 200 ° 
5,117,800 1,787,500 


1,306,300 
806,540 
2,114,840 


EEE] 


1,407,575 


~ 
° 


495,149 


>> 


2,227,749 


>> 


499,020 
2,631,200 577,178 


225,750 
225,750 
451,500 


63,400 
1,883,280 

309,155 
2,350,635 


2,807,280 
4,943,400 
7,750,680 


We 
7 
¢ 
: 
2\a lo hh, 250 840 }|20.75 | a6 180 |1,100 |1925 | 6,152 
lo »250 640 {5 |20.75 | 26 |1,100 |1925 | 6,266 
lant 2,500 | 1,680 2,200 | 38.4 
lo 700 470 |5 |16 20 287 oD. 1 100 | 
700 a7 {16 20 257 600 | 6,499 | 4,549, 30 1,201,1 
+480 1,665 2,116 12,399,660 4,556 |----- |--- [2,645 52.0 } 993 36.9 
2475 1,661 2,120 3,900 2,100 4) 529 44 80.6 
800 $37 |e |19.5 |e2 200 7 
1,611 2,025 6,810,400 2,211 |--- [3,080 24.8 1,136; 200 $13 33.8 
300 202 |14 17 287 250 |1925 263 
D soot | 202 250 |i025 | 356 seo 30,660 | S66 
730 om [1,335 [69.2 49, 660 621 
p 16 20 257 600 |1027 | 1,092 S88 |--- |1'337 |65.0 343; 500 | BC 
»050 705 |7 fhe |20 |es7 910 1931 | 2,126 
P,370 593 2,010 [2,164 167.7 1,013,100 963 
520 349 fee 29.5 lies 400 | 3,260 
- , e 11,755 6.5 | 3,748,090 | 771 46.9 
228 151 he 24 164 198 323 
132 |--- 1,645 [54.6 79,560 
4 600 403 6 fe.2s 23 226 812 1929 |4,754 | 2,852,400 | 1,261 341 |--- 1,269,900 991 
fe 1923 | 3)218 | 1;673,360 o72 | 252° |--- 776,900 | 7 
~ D 600 403 [2s 228 512 | 2)932;800 | 1,197 366 |--- |2)450 1,304,200 1,089 
1,858 7,746,560 | 5,645 f,036 |--= j2,125 6.4 | 3,456,400 948 40.7 
720 464 6 16 20 257 1°27 1,829 --- 
o soo! 202 |e |14 1 257 | | 1926 33 tastes 
9 600 403 |6 25 200 | |1926 | 1,303 
‘ lo 600 403 |6 {17 25 200 | 1927 | 1,505 | 
0 600 403 |6 |17 25 200 |----- [1928 | 1/642 
2,100 1,411 153 60.9 
240 161 17 257 200 |1925 | 2,467 592,080 154.4 216,200 | ----- 
jo 360 242 |14 17 257 300 12088 | 3,682 | 2,208,980 | [546.9 479,600 |----- | BC 
0 S60 376 |4 /16 20 257 470 |1928 | 4,625 2,586,680 | 66.4 1,189,000 ----- 
900 60¢ |6 {16 20 287 [3880 | 3,063 | 2,028,700 | | 66.3 1°294,700 |----- |s 
2,060 | 1,363 1,744 7,403,580 | 3,159 |----- | 54 | 2,340 63.9 | 3,179,500 | 1,006 40.0 
A 600 405 /16.25 | 23 225 620 |1929 | 4,758 507 
A lo 400 269 |4 {16.25 |23 225 340 [1927 | 3,545 | BC 
671 {17.5 |25 225 (875 | 1952 645 23 
lant 2,000 | 1,343 1}735 287 55.0 
21s |i 980 658 |7 /16 20 257 845 |1950 | 1,335 [ere | 64.5 | 
2 jo 980 658 |7 |16 20 257 845 | 1930 823 | ----- | 83.7 453,200 |----. 
Plent n,960 | 2,316 1,690 691 | 3,062 84.2 | 1,195,000 | 1,729 48.9 
736 le ° 125 755 |6 |17 27 180 900 [1,25] | | 68.6 $91,300 | --... Ipc 
te) 400 269 |4 |16.5 | 24 200 336 |1922 | 2,930 1,172,000 ere 10 | 79.0 622,200 | ----- |BC & F 
1 A |- TP JO 400 269 |4 /16.5 |24 200 336 |1922 | 2,528 1,011,200 0 | 61.2 652,000 | ----- [BC & 
1925 | 1,293 1,572 3,590,575 | 3,643 |----- |0 2,164 73.2 | 1,765,600 | 1,074 64.2 
- 759 504 [2s 32 150 625 |1922 | 7,210 5,407,500 2,563 | [2,110 | 47.7 1,752,600 676 
ITP 450 302 6 16 24 164 1918 1,515 590,650 / \l/ 
|TP 225 151 /3 24 164 1904 | 1,578 355,050 | 
- jo 225 161 |3 fis 24 164 200 |1904 | °617 193,025 |... 
- Jo 225 isl 26 164 187 |1906 | 1,120 252,000 | ose 
lanl} 1,675 | 1,259 1,625 6,789,225 |\4,726 /|----- |--- | 71 34.6 
- 500 336 |4 26.375] 164 350 | ---- 170 85,000 | [ane | 55.2 
- |TP 500 336 |4 |16.875| 26.375| 164 734 
x 500 336 |4 |18.675] 26.375] 164 350 |---- | 1,385 oe 
4 1,650 |1,243 1,300 467 25.9 
fa,760 2,162 | 427 23 257 |1,500 |1930 | 1,495 726 |sar 68.2 
675 ses |e {17.5 |24 200 671 | 1929 258 ‘, | 2,003 
675 ses {17.5 |24 200 671 | 1929 258 ‘ | 2,360 |° 
n,750 12,176 1,342 4, | 2,200 65.2 
2001 4 17 257 170 +|1923 317 107 | 595 | 75.9 32,260 301 
300! 202 |14 17 257 250 | 1923 316 [ace | 2,386 | 92.8 52,840 744 | 
| TP IO 840 $64 |6 /16 20 257 700 |1929 | 2,242 | 4,792 | 58.8 743,700 | 1,892 
A|-|TP]o 365 245 | 4 [16.25 225 330 1916 647 132 |----- |--- | 2,342 | 75.2 156,090 | 1,183 
lant 1,708 |1,145 1,450 103 | | 3,546 62.4 964,890 | 1,401 79.2 
i 
4 840 see |6 20 257 700 |1928 | 3,342 | | 0 1,368,600 | ----- | 
ITPIO 840 564 /6 /le 20 257 700 |1928 | 5,885 J | 66.0 2,254,600 | ----- 
ent 1, 660 1,126 1,400 | 4,344 |----- | 0 1,784 69.7 | 3,623,400 634 63. 
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OIL POR CYLINDER LUBRICATION ONLY 
GALLONS OF UWPIT LUBRICATIN 


OIL DISCARDED 
RATED H.P. HRS. FER GALLON 


CYLINDER BORE - INCHES 


ENGINE HOURS OPERATED IN 
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RATED HORSEPC*ER HOURS 
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GENERATOR RATING 
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6,431,385 


1,945,600 
104,160 


6,650,250 


1,886,625 
1,427,500 

628,125 
3,942,250 


1,269,000 02,120 


504,490 


PEF 


1,528,800 


2,195,560 


39 3799 
coo ooo 


2,962,050 
404,C0O0 
724,800 

4,110,650 


3 


36,900 
97,600 


3333 333 


951,088 


1,859,550 778,500 

698,800 "477 242,100 
1,038,500 | 325,400 
3,491,850 1,346,000 


—— 3 


4,612, 60 2,182,227 


~ 


4,260,000 
2,€11,200 

656, 200 
6,727,400 


~ 
ss 

a 

3° 


33 


5,377, £00 


1,212,600 


2,621,400 
2,602,000 
5,423,400 


322,200 
94, 

173,160 

589,440 


2,706,480 

12,600 
1,752,800 
4,471,680 


3,693 | 2,627,775 
4,431 | 2,126,680 
4,754,655 45.5 1,453,990 


4 
Seek 
Plant [2,650 | 1,108 5,768,500 | Jace | 2,496 62.4 | 2,422,960 | 1,065 $1.4 
a8 | 1 265 | 191 |S lee 200 240 | 1920 | 5,148 | 1,467,160 
[one | ----- | 57.6 $64,640 | ----- 
2 26s | 191 |3 fics lee 200 240 | 1920 | 322,404 | ----- feces 
3 300 | 202 |16.5 |e 200 ----- | 1925 | 2,370 711,000 | [one | ----- | 72.5 348,600 | ----- 
| |S [14.75 287 650 | 1932 | 4,412 | [56.9 3,993,006 | 
Plant 2,620 | 1,086 4 1,633 |--- | 2,603 58.6 2,529,724 | 1,017 47.3 
1 Ale | 400 269 4 16.5 24 200 1921 4,864 42.7 557.650 CC « F 
ik 560 S76 |3 [22.5 25 | ----- | 1922 186 cease [960 | | 50.0 34,660 | ----- 
3 lal. | 600 403 |6 |17 25 200 | ----- | 1926 | 4,050 [ace | | 65.0 1,060,250 | ----- [cc 
Plant 1,560 1,048 2,030 | | 2,207 55.0 | 1,652,980 a4 45.0 j 
1154 1 fla 0 750 504 |6 |17.5 228 560 | 1931 | 4,406 847 3,953 | 46.4 1,042,900 | 1,232 
Plant 1,500 1,008 1,120 «1,657 | ----- [0 4,013 46.5 2,073,500 | 1,251 85.8 
| Sink 
378 252 |3 |17.5 225 319 | 1929 | 5,032 $40 | 59.5 753,800 | 2,210 
e 500 336 |17.5 226 432 | 1929 | 2685 195 | 72.0 080,300 | 
3 625 420 |17.6 225 638 | 1929 | 1,005 | 280 | 69.9 294,600 | 2,950 
Plent 1,800 | 1,008 1,269 510 65.7 | 1,736,900 | 22430 32.0 
289 la ° 250 168 | [13.76 |17.8] 257 210 | 1920 5,156 } 1,072 } 
2 250 166.) 4@ |13.75 |17.8] 267 210 | 1920 | 5,086 | 1,065 
3 = 3e8 245 | 116.25 | 22 225 300 | 1915 | 3,668 | 17517 | 
4 600 403 |6 |16.25 228 612 | 1927 | 2,901 | 1: 348 
Plant 1,465 984 1,232 1,235 50.0 
496 =| 400 269 |4 |16.5 |24.5] 200 340 | 1925 | 2,514 | 1,005,600 95 77 580 | 304,475 | 3,735 
2 =| 300 201 |3 |16.5 900 260 | 1925 | 5,568 1,676,400 195 140 00 | 41.4 4045975 | 25365 | Bc 4 
750 504 | 6 |17.5 |24.5| 228 660 | 1928 1,696 | 1,272;00¢ 266 259 420 | 45.4 387,575 | 1,347 |s ac 
2.450 974 1,240 3,954,000 578 476 540 45.5 | 1,207,025 | 64.0 
70 J. pis | $60 376 20 257 470 | 1928 | 4,357 | 2,439,920 
| 860, 20 287 470 | 1928 | 4,457 | 2,495,920 | 2-966 | TTT | 2,510 | 906 [ccs 
3 Ris | $00 202 /14 17 257 250 | 1923 601 240,300 | 162 |a---- | --- | 2,520 | 64.0 sea |? 
Plent 1,420 954 1,190 5,176,140 | 2,148 | --- | 2/410 | 879 41.2 
198 1,400 941 16 /16 20 300 1,392 | 1932 | 2,791 | 3,907,400 1,413 [0 2,764 | 63.6 €3.6 | 1,554 | sc 60.3 
rss 400 2e9 | 4 [17.75 228 343 | 1924 60 24,000 | 6,000 | 52.4 | 2,075 
2 400 269 |4@ |17.98 |22 225 343 | 1927 696 276, 40° 151 |e---- [120 | 1,643 | 49.2 ell 
3 kein | 600 40: |6 117.75 |22 225 625 | 1929 193 | 115,80 90 5,790 | §2.7 | 2,050 
Plant }2,400 941 1,312 | 20¢ 175 [120 | 2,389 50.4 141,590 60S 26.2 
> 
isa AR 600 403 |6 |17 24 200 | ----- | 1927 | 2,121 | 1,272,500 casas 
Sila 400 269 | 4@ |17 200 | ----- | 1925 | 2,277 910,500 
Plant 1,400 2,817,800 647 |----- | --- | 8,325 61.9 | 1,848,990 | 1,830 $1.5 
| 
ese bela 300 202 |3 }17 24 200 250 | 1925 $74 46,520 | ----- 
400 209 |4@ 24 200 375 | 1925 | 1,929 771,600 | --- | ----- | 54.2 261,300 | ----- P 
shila 675 453 | 6 [17 24 228 10,008 | 1,908,2u0 | ----. | ac : 
Plant 1,375 924 1,200 6,090,150 993 |----- |--- | 6,240 49.3 | 2,236,100 | 2,250 75.5 
750 | soe |e 25 225 |19se | 4,487 | 3,368 537 337 6,262 | 25.6 578,380 | 1,076 | 
625 420 |6 /17.5 225 625 | 1930 | 4,273 736 272 3,629 | 30.8 $81,590 
1,378 924 1,250 1,273 609 | 0 4,738 27.9 | 1,129,920 865 $0.0 
10 245 | 4 | 16.25 22 225 312 | 1922 |6,170 | | 287 | | 54.2 1,085,430 | ----. 
200 257 150 | 1924 | 2,020 | [133 | ----- | 74.3 201,100 | ----- | cc 
800 538 | 6 | 14.76 277 650 | 1926 906 | 400 | ----- | 60.9 297,100 | 
1,365 917 1,112 2,344 |----- | 820 | 1,763 67.4 1,583,630 675 47.7 
360 242 /6 |14 257 300 1929 3,457 | w---- [S&F 
625 420 |5 [17.5 |26 225 835 | 1931 | 2,919 
1,308 877 1,090 | 405 82.5 
275 185 | 4 [13.5 |19.8] 267 219 | 1923 |6,762 | 6&3 
200 134 [3 [13.5 [19.5] 257 386 | 1923 | 2,096 507 | cc 
750 504 | 4 | 23 29.5] 164 625 | 1925 |1,376 566 
1,225 823 1,000 614 36.4 
2,200 806 | 26 2 Sor | 2,068 35,066 | 3,860 | cc 50.2 
72 600 40s |6 |17 25 200 600 | 1926 | 7,100 
400 260 |17 26 200 337 | 1925 | 4,528 [S&C 
200! 17 257 170 | 1924 | 3,261 
1,200 806 1,007 774 62.0 
600 403 /16 20 257 612 | 1032 | ----- =---- | 
2 Riu|p 600 403 Jie [20 | 267 612 | 1931 | --.-. [0 
Plent 1,200 806 1,026 6,063 | | 2,152 |----. 2,522 46.2 | 1,693,200 794 36.2 
333 fa, 200 |6 | 20 24 300 936 |1929 {1,099 | 810 |----- | 200 | 1,622 | 77.2 77.2 680,400 Jc $6.2 
| 
17 belo 600 aos |6 |25 | 200 | ----- | 4,360 | | ---- 
2 600 403 |6 |17 25 200 1926 | 4,670 ----- ----- ---- | 
Plent 1,200 806 [1,483 |----- | --- | 3,687 58.3 | 2,121,600 | 1,431 $2.6 
16 jiblale 600 403 |6 |17 26 200 $12 | 1927 $37 
2 Biuic rerio 240 16l 17 257 200 | 1925 392 
3 Rimic ire jo 360 | 14 17 287 300 | 1925 | 481 | ‘Laces 
Plant 1,200 06 1,012 420 75 | 1,402 18.2 368,590 925 49.0 ae 
14 Rlalp lo 450 so2 |3 | 16.78 |22 225 | ----- | 1926 | ----. | | 836,700 | | 
2 Rlalp 750 $04 | 4 | 16.75 | 22 240 | 1928 | ----- | | 279,500 | ----- 
Plent 1,200 806 coves 1,403 | | ----- ---- 1,116,200 790 
Riu $60 376 | 16 20 287 470 | 1920 | 4,833 1,312 |----- | 0 2,062 | 69.5 1,261,900 g62 | cc 
200% 13a | 17 267 170 | 1919 63 21 |----- |o 600 {78.5 6,630 Sis 
3 re 400 260 |17 25 200 337 | 1924 | 4,382 1,198 |----- 1,463 | 62.3 970,500 610 | Bc 
Plant 1,160 779 977 2,531 |----- | 0 1,766 74.6 | 2,239,030 685 $1.6 
195]. WIA jo 675 4535/5 16 25 £25 625 | 1931 3,173 
2 bls = fre 450 see | seo 415 | 1932! | 
Plant 1,155 775 1,040 2,165 67.6 
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INFORMATION COVERING LUBRICATING OIL (PAGE 4) 


INCHES 
OPERATED IN 
TING 
LUBRICATION ONLY 
HRS. 
TREAT- 


PEF GA 


TEM (See Notes) 


TRUNK PISTON OR CROSSHEAD 


L 


NDER BORE 

INE HOURS 

RTED PERIOD 


NNING PLANT CAPACITY 
PACTOR (See Text) 


YL. 


DI ZECTION SYSTEM (Seo Notes) 


YEAR ENGINE STARTED TO WORK 
GALIONS OF UNFIT LUBRICATING 
RATED H.P. RRS. PER GALLON 
OF NEW LUBRICATING OIL 


RATED HORSEPOWER HOURS 


IN REPORTED PERIOD 
RUNNING ENGINE CAPACITY 


GALIONS OF WEW LUBRICA 
OIL POR CYLINDER 
PACTOR (See Text) 


PLANT NUMBER 
ENGINE DESIGNATION 
SCAVENGING S 

CYLINDERS OPEN OR CLOSED 
CRANKCASE ? 

EQUIVALENT K.W. = 90% 
GENERATING EPFICIENCY 
NUMBER OF CYLINDERS 
STROKE - INCHES 

GENERATOR RATING - K.V.A. 
ENG 

TOTAL GALLONS OF NEW. 
LUBRICATING OIL USED 
GROSS OUTPUT - K.W. 


OF WE® LUBRICATING OIL 


GROSS HRS. 
LUSRICATIN 
WENT (See Notes) 


o 

& 


1,376,400 

16,100 
3,117,000 
4,509,500 


652,010 
9,700 
1,049, 600 
1,711,310 


a 


3,600 
3,736,920 
136,400 
3,876,920 


wane 
& 


E> 


421,467 
420; €90 
422/044 

1,264,401 

1,574,400 

35,554,100 

§, 128,500 


1,585,000 


477,792 
176,940 

145,100 
2,407,530 5 799,832 


888 888 


2,046,450 
2,133,600 
4,160,050 


88 


8,451,000 


3,061,100 

995,700 
2,033,600 
3,029,500 


380,160 


731,930 
90,700 
1,455,480 569,300 
1,442,160 


969,480 
3,867,120 


391,800 
763,200 
3,288,400 1,508,530 
4,442,400 2,057,980 


4,753,650 2 1,041,080 
100 11,040 


0 
4,781,850 1,052,120 
3,499,440 1,791,070 
1,144,920 886 , 300 

989,520 465,200 


1,745,520 969,410 
1,282,875 585,805 
1,061,200 501,990 
1,272,000 697,540 
2,333,200 1,099,530 


5,635,200 


3,033,060 1,545,900 


1,710,000 8 32 373,910 
5 23.4 343,410 
717,320 


2 


1,914,120 
1,815,460 
3,729, 600 


272 

- 

4 

nO 
4 +4 | 
cH] 504 | ¢ [es 32 150 657 | 1925 | 4 2,750 60.1 926 
1 982 2,355 604 2.3 

440 205 | 4 20 225 375 | 1930 | 6,493 | [BC 

1,140 765 938 1,306 |----- | --- | 2,776 45.9 | 1,195,560 857 
96 rp} o 560 sve fie |20 | 257 aco | aces | 37 113,300 | ----- 
2\e rp |0 560 376 | 4 /16 20 257 469 | loze B36 266,500 | 
Plent 1,120 752 938 675,360 GS | --- [8,257 64.2 361,600 | 4,598 1.0 
200! ise 17 257 170 | 1921 584 126,000 | | 35,600 | ----. 
Plant 1,100 739 920 2,869,00 } 552 .e 

pelo 360 17 287 300 | 1926 | --.-- 
360 242 17 257 300 | 19ze | ----- 

ve |i rr | 400 260 |« |17 24 375 | 1926 | 428 
2 660 443 24 240 625 | 1950 | 5, 1,245 

¢ Plent 1,060 890 =| 1,657,470] 652 3.0 
piss jifelu 167 | 1951 | 4,982 | 1,035,720 800 |----- | 0 1,204 53.3 370,800 464 
2 353 | 1931 | 3,240 1, 

353 | 1931 | 3,276 | 1; 936 
é Plent 873 3} 763 7.2 
eso 170 | 1931 | 6,177 615 
2 soo | 1926 | 1,767 aco 
3 400 | 1928 1,451 
¢ Plant 870 635 2.1 
e 
4 203 447 | 1931 | s 
4 : 447 | 1931 | 4, 47,600 | 
Plant 1,050 704 894 2,629 |--.-. |o 1,476 55.7 | 1,562,600 | 652 49.2 

= 

| 1,000 671 |4 |20.75 | 26 180 937 | 1927 | 6,45. | | 1,922 e79 | 0 4,399 68.2 |85.2 | 4,637,200 | 2,616 |pc,sar 
738 io 2,000 671 |6 32 150 900 } 19168"| 640 497 |----- | 0 1,287 682.3 |62.3 353,500 711 

boe2 980 ess |7 | 257 975 | 1050 | 4,955 | 4,655,900 | 2,554 |----- |o [1,002 94.5 1,206 as [42.5 

863 300 202 {3 24 200 250 | 1925 | 6,601 1,960,300 440 |----- 60 |4,501 74.6 2,262 |s a P 
675 453 [6 [17 24 225 625 | 1927 | 5,260 | 3,550,600 | 1,595 394 | 100 |2;226 65.3 1,278 |ccas 

975 655 875 6,530,800 | 2,035 |----- | 160 |2,718 1,469 67.3 

| 065 ° 900 eos fie | 267 774 | 1931 | 765 679,500 480 |----- | 50 |1,416 63.3 mum | 49.9 
560 c 200 isa fre.s [13.25] 327 169 | 1924 | 4,927 985,400 soe | 135 |0 2,408 

Ic 200 |4 12.5 |13.25| 327 169 | 1924 | 4/619 963/800 362 187 | 0 
500 [17 24 200 438 | 1929 | 1,814 907, 000 238 58 50 13°81] 
lant 900 604 776 720 62.1 
260 900 605 |6 14.75 | 22 257 750 | 1926 786 |c¢ 75.0 

98 360 fia 17 257 300 | 1926 | 4, 

lo 360 242 17 257 300 | 1929 | 4, 
180 121 fie 17 257 140 | 1926 | 5, 
hent 900 605 740 913 40.8 
83 lo 2001 ise fie 17 257 170 | 1923 | 1, 238 

300! 201 |e 17 257 250 | 1923 | 2; 417 ‘Is 
0 400 269 225 338 | 1925 | 8, 2,010 
Plent 900 604 758 983 36.6 
: 550 24 240 470 | 1929 | 8, Is 
2 0 200° 134 2 17 24 200 170 1922 
3 mio 100° 67 |1 {17 24 200 90 | 1915 
Plant 850 570 730 827 64.5 
ose 840 sea fig | 20 257 700 | | 4, 1,252 |Bc 26.4 
619 840 564 |6 fie | 267 700 | 1929 | 1, 1,400 |50.0 
: 494 p jo 840 sea fie 20 257 700 } 1930 | 1, 917 |---- 

153 p lo sea fe |20 | 267 700 | 1929 | 2, g72 
731 p fo 825 654 |es 32 164 750 | 1926 | 1, 378 |sare- [42.0 
648 p to 400 269 24 225 333 | 1928 | 2, 1,323 |5c & 
p 400 geo |4 [27 24 225 333 | 1926 | 3; 1,325 |s ac 
ent 800 538 666 1,324 60.0 
421 p 800 637 [17 24 200 681 | 1950 | 7,044 » OSE 808 | 25) 631, 2,466 43.0 
112 P 10 2004 ise 17 257 170 | 1925 | 3,093 320,1 737 | 
rp 240 16. |4 17 257 200 | 1927 | 6,914 | 1, 10° evo | BC 
PO 3004 202 |e 17 257 250 | 1925 | 2,517 | 587 

740 497 620 760 45.4 

rp 360 je fia 17 257 300 | 1926 | 4, 403 
2felu lo 360 242 /14 17 257 300 | 1926 | 4, 360 | Pac 
Plent 720 484 600 386 35.4 
t 532 rp fo 360 eae fe fie 17 257 soo | | 5,317 | | | 
2 rp 360 242 [6 17 267 300 | 1929 | 5,043 | ----- | --- [----- ---- | | 
Plant 720 484 600 2,659 |----- | --- | 1,404 $4.0 | 1,352,300 509 53.7 


OIL AND GAS POWER 


TMFORMATION COVERING LI'BRICATING OIL (PAGE 5S) 


IN 


(See Notes) 


YSTEM (See Notes) 
PER GALLOW 


OF NEW LUBRICATING OIL 
CAPACITY 


- INCHES 
FACTOR (See Text) 


ARS. 


OF UNFIT LUBRICATING 


INE STARTED TO WORK 


F 
INCHES 


CYLINDER 
STROKE 
RATED R.P.M. 


ERS ¢ 
3 CARDED 


RICATING OIL USED 
IL FOR CYLINDER LUBRICATION ONLY 


GALIONS OF NEW LUBRICATING 

GROSS K.W, HRS. PER GALLON 

OF NEW LUBRICATING OIL 

AVERAGE COST OF LUBRICATING 
- CENTS PER GALLON 


OIL 


RUNNING PLANT CAPACITY 


FACTOR (See Text) 
LUBRICATING OIL TREAT- 


ENGINE HOURS OPERATED 
RATED HORSEPOWER HOU 

IW REPORTED PERIOD 
TOTAL GALLONS OF NEW 
GROSS OUTPUT - K.W. HRS. 
MENT (See Notes) 


GENERATOR RATING - E.V.A. 
REPORTED PERIOD 


RUNNING ENGIN? 


CRANEKCASE ? 
YEAR EN 

LUE 

° 

GALLON 

OIL DI 
RATED H.P. 


1,945,440 
1,800, 
3,745,440 


874,440 
925,920 
1,800, 360 703,156 


763,920 418,240 
719,280 
1,483,200 


213,700 
1,276,560 

544, 680 
2,034,940 661,930 


8,000 
347,040 
2,112,120 
2,467,160 


1,409,410 
725,880 
619,170 


1,266,700 
1,911, 600 
3,196,500 


792, 600 
900,720 
774,800 


900,450 
2,875,970 


25,880 
469; 400 139,210 


1,748,520 453,400 
214,900 
668 , 300 


1,535,580 


1,415,760 
212,850 
14,300 
2,042,910 


137,750 
372,800 
250 


2207500 
441,408 
1,396,800 396,955 
747,600 702 | - 
2,144,400 602,505 


OGP-56-1 273 
el 
ale 
2 
A 
}1 jo 360 242 | 6 | 14 1 300 1930 | 5,404 “---- Vicg 
2R 360 242 | 14 17 257 300 | 1930 | 5,000 
Plant 720 464 600 778 61.0 
170 360 242 | 6 16 1? 257 300 | 1929 | 2,429 [P&S 
360 242 | 14 17 287 300 | 1929 | 2,572 
Plant 720 464 600 560 45.6 
67 PP 360 242 | 6 17 257 250 | 1925 | 2,122 513 
2 rTP 360 242 6 14 17 257 250 1925 1,996 396 c 
Plant 720 484 500 448 42.2 oh Hg, 
> fo 100! 67 |2 | 14 17 257 | | 2,187 
2 pH 240 161 |4 | 12.8 | 13.25 | 325 --- | 1927 | 5,319 
3 360 242 | 4 | 15.25] 16 275 | 1927 | 1,513 
Plant 700 470 429 53.7 
411 h 200! isa 4 17 257 140 | 1014 40 | | | | 166 6 
2 120 61 | 14 17 257 90 | 1926 | 2,892 | | 1668 6 
360 242 6 14 17 257 240 1930 5,867 --- Cc 
Plant 680 457 470 1,406 | ----- 75 | 1,758 29.7 657 , 670 468 37.2 Cig Ma 
seo Jip re 1003 17 287 75 | 1922 | 1,062 106, 85. | ----- | 0 1,249 | ---- 
2 100! 67 |2 |14 17 257 75 | 1922 | 1,009 100,900 90 | | 0 2,128 | 
3 P 120 61 | 16 1? 257 90 | 1927 | 4,285 514,200 349 | | 0 1,473 | 
‘ re 300 201 |6 |10.8 |12.5 | 360 250 | 1931 | 4,591 | 1,377,300 $26 | ----- | 0 2,618 | ---- | [BC & 
Plant 620 416 490 2,098, 600 1,060 | ----- | 0 2,000 38.4 541,836 516 45.0 pehae es 
106 600 aos | 17 25 200 -+- [1929 | 4,899 | 2,939,400 701 | ----- | --- | 4,190 | 71.4 | 71.4 2,012 |---- [53.0 
1096 |1 rp 600 403 |6 | 16.25 | 23 225 513 | 1928 | 2,576 | 1,545,600 700 | ----- | 200 | 2,206 | 69.9 | 69.9 1,037 | Bcasac | 50.1 bese: 
1094 frp 600 403 |6 | 16.25 | 2s 225 513 | 1928 | 1,969 | 1,161,400 400 | ----- | 80 | 2,954 | 78.0 | 78.0 1,548 | Bcasac | 49.7 
| rp 240 lel | 16 17 257 196 | 1931 | 7,503 1,032 | ----- |o 1,748 | | | 
2 rp 360 242 | 14 17 287 300 | 1931 | 1,306 366 | ----- 3,880 | | 
Plant 600 403 496 1,418 | ----- |0 1,602 59.8 912,400 4S 58.6 = 
6. rr 300 202 |3 | 17.75 | 22 225 275 | 1928 | 4,269 | | | 66.7 878,100 | |... 4 
2 300 202 |3 | 17.75 | 22 225 275 | 1928 | 6,372 | | | 68.6 
Plant 600 404 650 880 | ----- 35 | 3,635 64.3 | 1,382,500 | 1,571 6.3 
se ) 600P 403 | 17.75 | 22 234° | 1926 | 1,322 378 | ----- 60 | 2,097 | 77.9 | 77.9 414,600 1,096 | car 65.1 
fa 240 lel 16 17 287 200 | | 3,783 | | 53.8 309,300 | -.-.. 
2 2004 ise [14 17 287 200 | 1920* | 3,674 | | 87.6 299,300 | ----- |cc 
3 1504 101 /1¢ 17 257 125 | 1923 | 6,008 ences fons | coves | 281,940 | 
Plant 590 396 625 1,505 | ----- | --- | 1,712 51.4 890,540 592 38.9 
2 75! 60 |@ 15 300 60 | ---. 78 5,850 367 297 (2,882 166 
180 121 |S |14 17 287 150 | 1925 | 3,708 666,360 
4 258 173 [16.8 | 24.5 | 160 225 | 191e" | 5,159 | 1,331,022 633 37e/) 236 | 2,103 | | 
Plant 588 304 495 2,003,532 | 1,000 675 | 306 | 2,004 47.9 644,280 644 45.9 
f1 240 |4@ | 14 17 257 200 | 1928 765 183,000 | | | | 41.3 50,800 | 
240 lel 17 287 200 | 1928 915 
3 100! 67 |2 114 17 257 75 |1se2®| 662 
540 re 360 2a2 je 17 257 300 | 1950 | 4,657 o---- |p 
2 180 17 257 120 | 1928 | 3,788 
Plant 540 363 420 230 41.7 
ao fa p 1004 e7 |2 |14 17 257 60 | 1918 | 2,320 
2 200! isa [14 17 287 170 | 1922 | 4,300 
‘Is p 240 161 | 16 a7 257 200 | 1929 | 2/995 
Plant 540 362 430 1,828, 1,595 | ----- 1,312 35.1 431,636 309 
le fi 120 61 |2 17 257 90 | 1930 | 3,724 446, 289 | --... | | 
2R 180 |3 17 257 150 | 1930 | 4,003 720,54 509 | 06 1 3,406 | 
240 161 4 14 17 257 200 1930 1,534 366,1 269 24 1,568 
Plent 540 363 440 1,067 | ----- | | 1,439 | | 51.7 
101 D 240 | 16 17 257 200 | 1926 | 5,699 | | | 86.2 625,700 | ----- | be 
2 150! 101 17 287 160 | 1919 | 1,419 | | ----- | 41.5 59,460 | ----- | 43 
3 150! 101 [3 257 125 | 1923 | 2,762 | -n- | ----- | 50.5 140,740 | ----- |ac 
Plant 540 363 475 1,222 | --.-- | --- | 1,672 52.8 723,900 592 42.6 
m2 250 168 [13.76 |17.5 | 275 260 | 1916 551 100 | =---- | 20 | 1,876 | 71.7 66,336 663 | S& 
2 250 lee | 4 [13.75 [17.5 | 278 263 | 1916 690 300 | ----- | 25 | 1,725 | 75.3 87,214 | 
Plent §00 336 $13 45 | 1,551 73.7 153,5. 68 45.7 
501 120 17 287 90 1925 | 4,372 496 | ----- | 1,058 | 312.7 111,535 225 |cc 
2 120 }14 17 257 90 | 1925 | 4,287 194 | ar 
3 240 161 |4 17 257 200 | 1929 | 2,908 so2 jas 
Plant 480 323 380 295 54.5 
fa b 240 161 Jaa fir 287 200 | 1920 | 5,820 360 |» 
2 240 16) |4@ | 14 17 257 200 | | 3/116 293 
Plant 480 400 45.0 
re 
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INFORMATION COVERING LUBRICATING OIL (PAOB 6) 


CATION ONLY 


Ou 


INCHES 


ERS. 
PEt GALLON 


OF NEW LUBRICATING OIL 


CATING OIL 
K.W. 
=R GAL 


TRUNK PISTON OR CROSSHEAD? 
CYLINDERS OPEN OR CLOSED TO 


CRANKCASE 


YEAR ENGINE STARTED TO WORK 
GALIONS OF NEW LUBRICATING 
OIL POR CYLINDER LUBR 
GALLONS OF UNFIT LUBRICATING 
AVERAGE COST OF LUBRICATING 


OIL CENTS 


RATED H.P. HRS PER GALLON 
RUNNING ENGINE CAPACITY 


ENGINE HOURS OPERATED IN 
OP WEW LUBR 


REPORTED PERIOD 


RATED HORSEPOWER HOURS 


IN REPORTED PERIOD 
LUBRICATING OIL TREAT- 


MONT (See Notes) 


SCAVENGING SYSTEM 
EQUIVALENT K.W. = 90% 
GENERATING EFFICIENCY 
NUMBER OF CYLINDERS 
GENERATOR RATING 
TOTAL GALLONS OF NEW 
LUBRICATING OIL USED 
PACTOR (See Text) 
RUNNING PLANT CAPACITY 
FACTOR (See Text) 


ENGINE DESIGNATION 
INJECTION SYSTEM 


RATED R.P.M. 
GROSS OUTPOT 


CYLINDER BORE - 
STROKE - INCHES 


GROSS 


433,785 


1,366,995 


388 


1,572,000 
444,960 
2,016,960 


269,775 
2,250 
32,960 
718 ,800 
1,023,785 


235.585 


210,470 
98,700 
7; 600 
106, 300 
112,800 
1,178,400 211/100 
487,920 
534,960 
1,022; 
525, 600 
525, 
1,061, * 300 
440,160 
91,125 


257 


In jection System LETTERED NOTES 

A- Fifth Dey of ‘Sth Month - With baffles 
Wo Deduction for Motor Driven Scavenging Blower - Originally aone for 257 B 
Twenty-First day of 9th month - Supercharged to reproduc “ever conditions 
Twenty-Fifth day of 12th month - Date of tastaliati nm; installed 
Horizontal engine in this plant in 1 
Rating revised from previous report by operator - Date of original installation; installed 
Date originally installed; started in this plant, first day in this plant in 1950 

fourth month (provided start is Jan. let.) -- Second unit was discarded end of llth 
Estimated month, and third upit started in ite 
Semi Diesel place 
Started twenty-ninth day of second month ~ Started first day of 5 month period 
Started tenth day of 6th month - All unite belt drive, D.C. generators 
Started Before period began - Date of original installation; date of 
Date of original installetion; installed here 1924 installetion {h this plant unknowm 


M - Mechanical 
System (2 Stroke Only) 


P- hed 
8B - Independently Driven Blower 


Lubricating 011 Treatment 
CC = Continuous 
BC = "Batch" Centr 
Cc 
P - Filtering 
S - Settling 


274 
HE: 
ols 
Plant 450 303 390 1,467 | 945 47.6 436,340 22.5 
etx 335 2 [a 250 16s | 4 | 13.75]}17.5 | 257 219 | 1924 4390 | ----- | 63 | 3,582 | 34.0 368,100 
rp 180 121 4 | 12.75] 15 300 150 | 1920 144 | ----- | 35 | 3,090 | 44.8 134,030 931 
Plent 430 269 369 ses | ----. | 98 | 3/460 37.1 502,130 661 60.0 
247 | ile wa 240 | 24 17 257 160 | 1928 | 2,900 €96,000 | 0 [send 
fe irr 100! 67 |2 | 16 17 257 75 | 1920 | 5/850 10 
fre jo so! 34 | 14 17 257 40 | 1915 | 1,200 60,000 
Plant 390 262 275 1,341,000 718 10 1,883 54.2 487,960 685 85.0 
1129 | fc frejo |10.5 | 14 257 72 | ----. | 3,597 
07518 50 |10.5 | 14 27 72 | 30 scenes | [ace | | B80 
: fc fre jo sot 101 | 14 17 257 126 | ---- | 4,792 [ame | 142,900 | 
Plant 380 255 341 1,018 | | | 1,004 29.6 203,450 200 45.0 
105 | sot 101 | 14 17 257 125 | 1922 | 4,467 
4 2 |2 jc 120 61 14 17 257 75 | 1926 | 2,317 Lack 67,920 | ----- |cc 
3le p|O 100! 67 | 14 17 257 75 | 1923 | 3,018 107°300 | ----. 
Plent 370 249 276 1,339,890 734 | ----- | --- | 1,026 45.5 410,220 659 47.6 
 frejo 180 121 |14 17 257 180 | 1929 | ----. | | | coe | | case 
161 | 1/2 TP 860 242 | 14 17 257 | 1929 | | 1,346 | ----- | 95 | ----- | ---- | ---- 2,003,500 745 |---- | 49.6 
ise | 360 | 14 17 287 --- | 1925 58 20,880 10 | ----. | --- | 2,068 | 47.0 | 47.0 6,600 660 |---- | 54.7 
688 {| so! 34 14 17 257 --- | 1923 944 47,200 | [gg 
3 180 121 |'s | 14 17 287 --- | 1927 | 4,198 | | | | | 
Plant 350 236 1,831,000 650 | ----- | 100 | 2,385 42.6 437,500 67s 30.¢ 
r Plant 350 235 281 woo | | cence | GB 315,000 220 47.0 
AAA wa 165 |4@ | 12.75 15 277 135 | 1917 487 80,355 @0 | ----- | 10 1,006 | 76.0 41,040 513 |s& 
2 rp |0 180 12) | 11.75] 15 300 135 | 1e20 460 86,400 | ----- | 20 | 1,080 | 69.4 40,302 504 - 
Plant 345 232 270 166,755 | 72.6 61,342 608 49.7 
857 fe jo 180, 121 |e 287 150 | 1929 | 5,871 | 1,002,700 | ----- | | | ----- | 47.6 321,200 | ----- |se 
2 150 101 | 14 17 257 --- | 1927 | 3,242 486,300 | ----- | ----- | --- | ----- | 32.8 107,604 | ----- | CaP 
Plant 330. |: 222 1,489,080 | 1,549 | ----- | --- 962 42.8 428,704 | 277 37.5 
1055 | | 320 2is 1s 18.5 | soo 265 | 3,672 | 1,175,060 | 464 2.428 [20.6 29.6 | 462 S&P 63.2 
265 rp 60 40 17 257 48 | 1927 | 2,555 153,300 | | | 
2 120 81 j2 |14 17 257 90 | 1927 | 3,710 445,200 Jose | coces | ence 
> 3 140 o4 |2 17 300 111 | 1951 | 2,615 366,100 | o---- | ---- | conse 
Plant 320 215 249 964; 600 740 | 365 | 1,304 37.9 245,000 331 55.5 
27 4 0 gst so |2 jie 15 300 --- | 1926 | 6,173 
2 240 161 |4 [12.5 [13.25 | 325 --- | 1926 | 2,622 | 
0 150 10. |4 300 140 | 1927 | 4,458 
2 150 101 |4 |9.5 {14 300 e-- | 1927 625 
Plant 300 202 woe 625 38.5 
658 iso! 17 257 12s | 1920 | 4,146 
2 0 120 j2 {14 17 257 90 | 1929 | 4,64 
Plent 270 162 215 152 39.0 
626 0 120 ei fe jis 17 95 | 1930 | 
2 0 120 61 j2 |14 17 267 95 | 1930 | 4,45€ 
Plant 240 162 190 728 47.6 
4 516 0 120 je 17 257 94 | 1926 | 4,380" |p 
2 120 81 |14 17 257 94 | 1930 | 
ee Plant 240 162 188 324 32.0 
les 240 161 |6 | 10.75 |13.75 | $27 200 | 1928 | 1,834 420 |cc 49.7 
p 225 151 |6 |9.5 | 400 219 | 1928 405 770 42.0 
gis 25! iv fa fio 13 325 | 1028 | | | | [one | | 13,100 | 
2 0 37,54 26 ji }12 15 300 | 1926 | ----- | | | | 44,310 | ----- |, 
3 0 50 34 17 267 coe | 1920 | | | coe cance | sace 46,200 | --.-- 
= 4 100 67 |12.8 |13.25 | 327 ---_] 1922"] ---.- | | | | ---- 40,820 | ---.- 
Plant 212.5 143 406 | ----- 30 | ----- 144,450 207 53.9 
733 |1 100 ev |12.6 |13.25 | 527 60 | 1922 2,100 [0 467 | 674 951 212 | None 
2 0 751 |e |12 15 300 60 1914 30 2,250 Bali 16 642 | 57.2 864 247 | 
: Plant 175 117 120 . 4,350 6.0 | | 0 544 62.1 1,815 227 43.7 


OIL AND GAS POWER 


TABLE IV INFORMATION COVERIMG FUEL OIL (PADE 1) } 
| 
g = = 
% 4 B « § 2 a 4 an 
ad slg > a & ° > 2 ' o~ a Sa 
° ° os za| =o 2 &= 
a3]. 800 336] e2 29.5] 160 375] 1915 293 67,792 7,100 9.55| 68.9 
2 - $00 336] 3] 22 29.5] 150 378] 1916 266 68,47 7196| 9.52] 71.8 | 
r 1,000 671 6] 20.6 |36 926 | 676 296,550 33,516] 6.66) 65.2 24° A-Psl. O.78'S 
‘ 1,000 671 6] 20.8 |36 150 925 | 1926 109 5,403} 9.31] 68.7 
520 369 | 4] 10 24.6 500} 1919 471 126,210 14,456} 68.75] 76.7 
6 - 349 | 19 24.5] 200 500} 1920 425 116,310 13,238 8.79) 76.6 
7 2.780 2,617 © 42 124 3,750} 1926 2,569 6,589,500° 636,741} 10.80) 101.4 19° A.P.I., asph. after Hour 
. . - 
18,640 [10/499 14/850 83.3 3.48 | wo | 2,500 | | 
62 - 360 242 4 6.26 2 192 4 28,433] 10.14 26°- 32° 32° S.U.@ 100°R; 
760 804 | 4] 17 $3 1 338 | 0:38) 620.068; Trace 
3 780 | 4] 17 180 740 | 1926 6.56) 49.6 ash end BS & partly by 
‘ 4 1,180 772 6| 17 2 180 | 1,000] 1927] 3, 156,667] 10.17] 60.1 Tank 
772 6] 17 2 180 | 1,000] 1927] 3,698 167,662| 10.24] 60.1 
1,800 ,007 17 27 180 1,380] 1929 | 6,166 4,318,600, 401,634] 10.74) 69.4 
7 5 3,300 | 2,816 | 10] 19.5 |27 260 | 2,960] 1 683 496,900) 42,006] 11.639 34.3 
6,960 | 6,017 6,102 9,426,420 916,713} 10.274 60.3 4.48 | Ho 
82] 830 587 4] 32 164 700 | 1928 | 3,607 1,374,600 122,963] 11.17] 70.4 25.6° A.P.I+, SU+43°@ 100° P, 
2) 1,260 640 2s se 164 1,060 o7 CC-0.34, Ash-trace; BS & 
1,250 6| 32 164 1,060 80.3 
4) 3,280 6] 2 164 1,060 77.8 
shatal- B68 1,924 | 6] 29 46 120 2,800 69.0 
Plent 71448 85003 6,380 78.1 4.41 | wo so} | 
600 6 225 $00 66.9 pom 
6 226 61.8 
3) 1,128 785 6 180 1,000 84.2 
4) 1,125 785 180 | 1,000 86.0 
stata 1,600 i, é 226 1,596 62.6 
Plent 6,250 3,526 4,596 58.4 3.12 | wo | 6,000 | P 
73] 1,250 eo 6 160 | 1,063 65.1 
lr 1,260 eo} 180 | 1,063 66.6 10°=14° a.P.r. 
1,260 eo 6 160 | 1,063 66 
1,860 eo | 6 180 | 1,063 
Plest 6,000 | 3,360 4,252 66.4 1.22 | wo | 1,000| P| B 
ve | 2,400 | 1,612] 8 225 | 2,000 
ei 1,250 | 6 180 1,128 22° 
1,260 640 160 1,126 
Plast 4,900 3,202 4,260 68.2 2.06 | Yeo | 2,660 | | 
45] 600 403 | 6] 16.8 800 800 A.P.I.; 122°P 
600 403 16.8 |e 200 600 
750 soa | 4 | 88 32 180 628 sh-.036$; Be & W-2.5 
1,180 772 23 32 150 1,000 32°~36° S0-43"@ 26°C; 
1,150 772 6] 32 180 1,000 cc-0.02%; BS & W-trace 
Plent 4,250 2,656 3,625 62.1 All of] in tank wagens 3.67 | Ho soisiL 
84] 600 403 « 27.2° A.P.I.; SU-260°@ 60°F; 
ala 600 aos | 6 480 3-0.78; BS & W-2.08 (EST.) 
S}4fa}- 600 403 6 480 Crude o11 thru pi 
600 403 | 6 line from fie 
Si 600 403 | 6 
6) 403 6 
403 | 6 
Plant 4,200 | 2,821 3,150 96.4 1.38 | Yes 400} 
130 600 6 615 
600 403 6 615 
| 2,200 606 6 1,062 
Plant 3,600 | 8,416 3, 4,556,800 4.02 | Ho 70} 
18? ale|a 1,760 | 1,162 1,600 | 1950 | 3,063 | 2,000,000 162,680 | 10.96 | 88.0 24°-26° 
1,760 | 1,162 6 1,600 | 1980 | 2,497 | 2,438,850 225,350 | 10.62 | 68.5 BS - 0.25% 
Plant 3,620 3,000 4,438,850 | 10.87 62.3 4.16 | Wo 3,016] P 
2| iléjal- 1,180 772 6 1,000 | 1988 | 5,743 | 2,827,090 267,307 | 10.57 | 98.0 27° 
alalal- 1/180 | 6 1,000 | 1925 | 3; 276,080 | 10.83 | 97.9 520.42; 
slalal- 1,180 772 6 1,000 | 1925 | 4,081 | 3,084,590 296,401 | 10.35 | 97.7 
Plant 3,450 | 2,316 3,000 6,901,260 841,788 | 10.58 97.8 2.33 | No 736) Bi iL 
16 840 564 6 1,000 7,289 3,324,100 - - | 81.0 27° SU 47.2%@ 100°R 
840 sea | 6 1,000 | 7! 3,088, | 74:4 $-0.4818; Ash - 0.21038 
840 oe 6 1,000 | 1986 | 7,557 | 5,462, - - | 61.8 Be & 1.966: 
=| 400 269 | 6] 14.8 [18 277 344 | 1925 651 22.8° 
2 600 637 200 676 | 1984 | 4, se 0.04 
3 - 800 837 17 2 675 | 1926 | 3,475 
4 1,126 755 | 6| 22 180 938 | 1 706 
Plant 3,125 | 2,098 2,638 241,174 | 9.80 “4.4 4.60 | 8 
2) 840 664 | 16 
|p 720 6] 16 20 287 600 | 1927 61.3 BS 2 
300 gos | 17.75 |22 226 250 | 53.8 
380° a5 | +8 [36 150 250 | 1 43.6 
Plant 3,060 | 8,060 2,500 46.8 2.92 | wo |4,060 
77 | 3,000 2,014 |} 10] 19.5 240 2,612 | 1951 | 6,046 5,208,800> 574,246 | 15.92>) 42.8 | 42.8 coer Fong; 4.88 | yes 4,000 i 
109 | 675 453 | 16.76 {22 240 600 | 1987 | 1,480 297,800 35,342 | 8.45 | 44.3 24-26° A.P.1.; 
2ielalr 1,128 785 | @| 14.876/21 287 975 | 1929 | 1,106 399,360 47, ar0 8.41 | 47.8 Ash- lees than 1.0% 
slelale 1,188 765 | 8 | 14.675/2) 257 ore 1931 2 $78,000 32 Bs W- 0.28 
ssof 6] 11.8 /16 277 375 | 1025 | 1,875 259,100 36-40° A.P.1.; 
F le ssof 6] 11.8 277 378 | i928 | 1743000 @ 100°; 
3 236 | 6] 11.8 277 375 | 1985 | 1,865 260,800 cc Ash 0.018%" 
4 760 6] 16 240 1927 1,137,200 Baw 
6 930 1 


= 
2 
he 
4 
= 
bes 
7 
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TABLE IV - YHFORMATION COVERING PUBL O1L 


- 90 
Tewcy 
PE RATED. 


EFF’ 


TOR -(SEE TSXT) 
RUNNING PLANT CAPACITY 
PACTOR (SEE TEXT) 

(SEZ BOTES) 


SCAVENGING SYSTEM (SEE NOTES) 
TC 
GROSS K.W. ERS. PER GALION 


OP PUEL OIL 


PLANT NUMBER 

ENGINE DESIGNATION 
NUMBER OF CYLINDERS 
CYLINDER BORE = INCHES 

IN REPORTED PERIOD 

GROSS OUTPUT K.W. BRS. 
PUEL OIL USED ~ GALLOnS 
RUNNING ENGINE CAPACITY 

WATURE OF PUBL OIL 

USED - 

AVERAGE COST OF PUEL 

OIL = CEWTS PER GALLON 

IS PUEL CENTRIFUGED? 
ATER 

PUPPOSS FOR WHICH EXHAUST 

HEAT IS UTILIZED (SBE BOTs) 


Fa 


o# «ol ENGINE HOURS 0 


2, 274,700 
| 3,604,300 | 8.0. 100" 

| 7,157,100 
} 282, 100 | | @26-26° A.P.I. 


ann 


1,444,400 16-20° a.P.I; 3.0.-65" @ 
1,521,500 77° p; BS. & Trace 
1,564,000 
| 4,529,900 
| 


> EEK 


| 


S2-56° 


131, 
70,240 90° 100°p, 
73,080 


208; 165 
348, 485 


25° A.P.1; @ 100%, 
$-0.4048; C.C.-1.1279 
Ash-tre@e; Water-trece 


>> >>> 


Fess 


| 266,583 
{ 


148, 265 


5 


| 
16.25 (23 20 | 30° 
| 16.85 (23 225 340 9 Ash-trace; B.S. & W. -trace; 
17.5 |26 645 204,500 18,890 36.0 | Delivered in Tank Trucks 


ERE 


1 
2 
3 
4 
5 
P 
1 
2 
P 
1 
2 
3 
P 
1 
2 
3 
4 
P 
1 
2 
3 
P 


33.5° 3-0.22; ash-0.3€ 


24°-26° A.Pole 


een 


1,765,500 | 161,929 


1,732,600. | 205,360 


2,227,749 | 271,615 


>>> 


16.875|28.375| 164 31,520 
18.875) 26.575 164 182,150 
204,710 
660 26° 
499,020 | S- less than 0.754 5.42 
577,178 16°.22° 6.07 


35° 42° @ 210° 
S = 0,088; B.S &W.-Trace: 
Delivered by tank truck 3.60 


52°-36° A.Pole 


| 
365 245 
1,705 | 1,145 


276 TRANSACTIONS 
72 | | 250 § | 13.75 |17.6 | 
| 750 2s 32 1 | cove 
Plant! | 2,820 | 2,150 } 3,550,900 | 361,123 9.83 | 50.4 
| 978 840 6 |16 | 287 700 | 1932 | 1,800 |- 
SIAN F 840 6 | 16 20 257 700 | 1931 | 1,327 |- | 
840 6 | 16 20 257 700 | 1931 | 1,769 | | 
‘ 2,520 2,100 | | 3.67 | «© 
908 1,250 | 640 | 5 | 20.75 180 | 1,100 | 1025 
Py | 1,250 840 | 5 | 20.75 |26 180 | 1,100 | 1925 6,283 
| 2,500 | 1,680 | | 2,200 1.71] 
AS 9s 700 | 470 | | 16 20 257 | 600! 
Bere at | 700 470 5 | 16 20 257 600 | 1928 | 6,490 
560 s7e | 4 | 16 20 287 470 | 1928 | 45104 | 
520 49 | 4 | 19 24.5 | 200 446 | 19148 | 5,031 
112 900 604 | 8 | 17 24 225 770 1928 | 5,500° | 
900 604 | 17 24 225 770 | 1928 8,500 | | 
675 45s | 6 | 17 225 580 | 1988 | 7,000% | 
2,476 1,661 2,120 3.23 | wo 200 8 
1149 1,200 B06 | 16 20 987 | 1,050) 19s2 | | 
1,200 | 906 | 6 | 16 20 257 | 1,041 | 1982 | ------- | 
Plant 2,400. | 1,612 | 2,092 617,470 61,437 12.00 
60 - | 600 537 | 8 | 10.6 (22 200 675 (1086 3,748 | | | 
2) | 800 537 8 19.6 22 200 675 19m 1,868 240,200 | 24,0 | eecececce 
4 Plant | 2,400 | 1,621 | | 2,085 1,136,200 | 162,072 7.00 | 4.00) 4,000/5 | 
| | | } | | } 
7283 uc soot 202 | 6 | 16 17 207 260 | 263 30,640 | 
2 c soot 202 | 6 | 16 17 267 | | | 49,660 | 
| 720 | 6 | 16 20 | 287 600 | 1927 1,092 343,300 | | 
| 1,050 7068 | 7/16 287 910 1932 2,185 | 1,013,100 
Plant 2)370 | 1,593 | } | 2,010 | 1,445,700 | 431} wo) 2,800) | 
41 | afelale 820 349 | S22 «20.8 | 166 400 1922 3,280 | 689,890 
2lalale 700 | 4 (22 | 166 500 | 1923 23865 766,200 | 
| slala = 1,150 772 | 6 |16¢ | 900 1988 4,101 | 2,292,300 
Plent | 2,370 1,591 | | | 1,800 5,746,090 4.10 | we ao 
| | | 
7° | 225 151 | 16 24 164 198 | 1912 528 | 25,640 3,179 8.15 | 53.0 | | 
225 | | 16 24 164 | 1912 965 79,560 8,489 9.38 | 54,6 | | 
600 405 | 6 | 16.25 |23 225 | siz | 1929 4,754 | 1,269,900 | 103,440 | 12.27 | 66.3 
| | 4, 304) | | 66.2 
2,170 | 1,457 | | 2,858 | 3,456,400 | 201,550 | 11.86 66.4 2.49) Ho 
We | 
8 720 404 | 6 16 20 857 | | 1096 | 1,600 | | | 
| ‘720 | 16 20 867 | ----- | 1027 | 1,820 | --------- | | 
¢. 720 484 6 | 16 20 257 | 1927 | 2,357 | -------- | | | 
| 2,160 | 1,458 2,721,77 9250 04.4 8106 | 
| | | | 403 | 6 | 17 85 | 200 | ----- | 1927 1, | | 
600 | 405 | 6/17 | -----| 1928 | 1,648 | --------- | once | | | 
2,100 | 1,411 | 1,751,200 | | 11.61 | 
4 | 68 161 | 16 257 200 | 1925 2,467 216,200 | 24,540 8.81 | 5404 | 
360 242 | 6 14 257 | 300/ 1925 3,622 479,600 | 54,060 8.87 | 54,7 
| | 8 | 87 | | 1980 | | | | | eect | | 
by ‘4 3,243 4 106, 060 66.1 | 
2,060 | 1,383 1,764 3,179,600 | 303,86 10.46 63.9 3.60/yo| | 
es | 600 403 
var | 1,000 671 | 
lent | 2,000 | 1,343 6,00 Wo | | w 
ween 980 658 | 7 | 16 20 287 645 | 1930 623 453,200 | ------- | ----- | 85.7 | | 
1,960 | 1,316 | 1,690 1,195,000 | 66,880 | 13.75 | |84.2 2,160/m |» 
736 1,125 758 | 6 | 17 2 180 | 1924 | 1,251 591,500 | ------- | ----- | 62.6 
7 geo | 16.5 [24 [200 | 336 | | 2)930 | 622,200 | ------- | ----- | 79.0 
400 | 269 4 | 16.5 |24 200 | 386 1922 | 2,528 $62,000 | | ----- | 6162 | 
| 1,985 1,295 1,578 | 9.72 2.74 No in | 
| 
| 837 760 | 4 | 23 32 150 625 | 1982 | 7,210 8.52.| 47.7 | | 
480 soz 6 | 16 24 164 413 | 1918 | 1,315 | 
| 225 | 151 | 3 | 16 24 164 200 | 1904 | 1,578 7.239) 153.4 
j 925 151 | 3 | 16 24 164 1906 | ‘817 | | | = 
| Plant 1,875 | 1,259 Sin ir | 
}2038 | soo | | 
s00 | 336 
H | 500 336 
Plant; | 1,850 | 1,243 3,800 
158 1)2|a/P 1,760 | 1,162 1,612) F | F 
2lalale | 8417.5 200 671 | 1929 258 109,500 | 9,668 | 11.10 72.2 | 
| | Plact| 1,75 1,176 | 1,342 | 217,600 | 19,460 | 11.18 | ne ses | x 
722 | 2004 | 4/16 17 267 170 | 1923 347 32,260 | 3,715 8.68 | 75.9 | 
| 300! 17 257 250 | 1923 316 52,840 | 5,492 9.62 | | 
| e | 16 20 287 700 | 1929 2,242 743,700 | 73,163 | 10.16 | 68.8 
| | | 330 | 1916 647 | 156,000 | 14,719 | 10.60 | 78.8 
| Plant | 1,450 964 97,089 10,14 62.4 4.66) 1,265 | 


NATION 


VALENT 90% 
GENERATING EFFICIENCY 

NE HOURS OPERATED 
IN REPORTED PERIOD 


GROSS K.W. HRS. PER GALLON 


OF PUEL OIL 


WATER HEAT IS UTILIZED (SEE MOTES 


FUEL OIL USED GALLONS 
RUNNING ENGINE CAPACITY 
FACTOR = (SEE TEXT) 

RUNNING PLANT CAPACITY 
FACTOR (SEE TEXT) 

AVERAGE COST OF FUEL 

PLANT ALTITUDE - FEET 

ABOVE SEA LEVEL 

PURPOSE FOR WHICH JACKET 
PURPOSE FOR WHICH BXHAUST 
HEAT IS UTILIZED (SEE NOTES) 


USED = (SBE NOTES) 
OIL = CB 
IS PUBL CENTRIFUGED? 


NATURE OF PUEL OIL 


RATED B. Pe 
EQUI 
RATED R.P.M. 


_WOMBER OP CYLINDERS 


373,513 


234,664 
329-36° A.P.I; S- 0.358 
Free Carbon-Trace 
Ash - 0.01¢ 


2520,7246 
587,850 28°-30° 


1,060,260 
1,652,980 
1,042,900 | 26° 
1,030,600 
073,500 


783,800 34° @ 100°; 


ce; As 
1,738,900 | B.S. & We less than 1.08 


602,120 »374 28.2° ap 
3.0. - 75" @ 00°F 


29 236° I. 
Less than 0.6% 


32°-36° A.P.I 
54.3 


(51° 5-0. 60% @ 


Ag -0.00108; B.S. --Trace 
By Pipe Line from Refinery 


& - 0.) 
bel in C4] Tanker 


28°-30° @ 100% 
CoC 


1,583,630 


951,068 
} 

778,500 | 320.369 

242,100 S-Less than 1f, 

325,400 9 than 0.058; ash-Trace; 
1,346,000 B.S. & W. - Trace 
2,162,827 168,274 | ) 27-30° & Ww 1S 

| 320-369 
S 0.5% 


>>> 


nee 


exz>> « 


3,362,149 


1,695,200 165,474 | 10.23 
63,420 10.73 


7 
PA, 
OIL AND GAS POWER OGP-56-1 277 
= INFORMATION COVERING ) 
a 
4 
§ & 
& 
735 | 1/2) 840 564 | 6 | 16 20 | 267 700 | 1928 3,342 1,368,600 | 
640 864 | 16 20 287 700 | 1928 | 5,885 2,254,800 
Plant 1,680 1,188 | | | 1,400 | 3,623,400 es le 
1s | 450 | 302 | | 15.25 (16 1922 | 386 
600 403 6 17 25 200 1926 4,569 
3) | 600 403 | 6| 17 26 | 200 | q---- | 1088 | 4,760| --------- i 
| Plant 1,650 | 1,106 | | | | 2,422,980 3.74) 
ea | ifala 285 191 | 3 | 16.5 | 24 200 240 1920 5,148 564,640 > 
| le 2e5 191 | 3/ 16.5 | 26 200 240 | 1920 | 3,313 322,484 
- 300 202 3 | 165 200 --- 1925 | 2,370 348,800 
760 504 | 14.75 | 21 287 650 | 1932 | 4,412 1,293,800 . 
8 | 400 269 | 16.5 26 200 | 1921 | 6,664 
| 560 | S| 22.5 |22.5 225 | 1082 186 | 
600 403 | 6 | 17 “5 200 | 1926 | 6,060 | 
1184 | 1/4/a 780 604 | 6 | 17.5 24.5 2265 560 «1931 4, 464 | - 
| 750 504 6 | 17.5 (24.58 225 1931 | 4,403 | 
| Plant 1,800 1,008 1,120 5-64 | Wo} 1,450 | 
| 800 336 | 4) 17.8 24.5) 43 929 | 2,8 
| slala|-| 625 420 | 5/| 17.8 228 538 | 1929 | 1,005 | 
600 403 | «6 | 16.25 23 228 812-1927 2,901 | 
Plant 1,465 | 964 1,232 4.17/ we) 1,670, PB 
ave | 400 | 260 16.8 [84.6 200 340 1025 | 2,514 
300 201 3, 16.5 (24.5 200 250 1925 5, 568 464,975 47,720 4led | 
750 506 | 6 | 17.5 (24.6 228 650 | 1928 | 1,696 387,575 36,252, 10.13 45.4 | 
Plant | 976 | 1,240 1,207,025 116,030 10.22 « | 4.02, 1,200 - 
| } | 
70 P 860 376 | «| 16 20 257 470 | 1926 | 4,367 894,285 54.6 | 
| 660 376 | 4 16 20 287 470 1926 | 4,457 | | } 
Sigiuc soot 20a | 17 257 250 | 1923, 601 103,345 ------- | 64.0 | 
| Plant 1,420 954 | 1,190 | 2,888,800 | 205,145 9.21 3.03 "| 5 
196 | iP 1,400 8 20 300 | 1,392 1932) | 2,791; 2,195,560 190,523 11.52 | 
163 | - 400 aco | | 17.78 225 M3 | 1024 B80 8,300 763 10.88 51.4 } 
- 400 260 4 17.78 | 225 343° (1987 696 92,200 | 10,303 6.96 49.3 | | | 
| 600 403 6 | 17.78 | 228 625 | 1920 | 193 41,000 | 4,778 8.59 52.7 
| Plant 1,400 941 1,312 141,590 | 15,842 8.94 0.97 No) 1,080) | 
Plant 1,400 | 942 1,548,990 | 123,117/ 12.58 3.47 | 
see | - soo | | s| ar | 200 | 250 | 2925 574 | [40.3 } | 
400 260 | 4/17 24 200 378 | 1925 | 1,929 983,300 | 154.8 | 
| | «8s | | | 875 | 2931 | 6,622| 1,906,200 | -------| ----- |4006 
| Plant 1,378 | | 1,200 2,236,100 226,824 9.86 ‘ 4.02 | Be 10 
| 
$17 a} - 780 6 | 17 25 225 | 625 rese™ 4,487 578,330 62,816 9.21 25.6 | 
elala - 625 | 420 | | 17.6 | 2% 225 625 | 1930 | 4,273 551,590 63,165 8.74 30.8 
Plant 1,376 | 1,260 } 1,129,920 125,981 8.97 2 3.74.| Wo) 2,100 | 
1016 ale 365 245 | 4 | | siz 1982 8,170 | | 5608 | 
goo | 836 | 6| 14.75 [18 | 277 650 | 1926 | "906| | |" 
Plmt 2,868 927 | | | | 1,112 161,088 9.83 5 | wo| 5,600 | 
120 | 17 257 65 | 1927 | 308 
2oot} ise | 4 | 14 170 | 1925 | 2,489 
360 ae} 287 300 | 1920 | 
625 420 | 5 | 17.5 | 26 225 538 | 1931 | 2,919 
9308 | 877 || | 1,090 | | 4.74 | Wo 
} | 
| 165 | 4 13.8 (19.8) 287 | 219 | 1925 | 6,762 
200 134 | 3 | 13.8 |19.5| 297 156 | 1923 | 2,994 | 
750 | 4 23 29.5| | 625 | 1925 | 1,378 | 
B06 16 | 287 | 1,042 1931 | 3,844 | 3.58 | Ho 
600 | 403 | 6, 17 [26 200 | S00 | 1926 | 7,100 | 
400,| 260 | 17 |25 | 200 337 1928 | 4,528 
goot} ise | 17 257 170 | 1924 | 3,282 
451 P €00 403 | | 257 $12 | 1931 | ----- | A.P.I; S-Less than 
P 600 403 16 20 $12 1931 | --+-- | Cold Test 40°-50° | : 
Plant 1,200 806 1,024 8,963 16.9 3.43 | wo |p : 
| = 
333 | 1 1,200 B06 | 6 | 20 2 soo | = 938 | 1929 | 1,094 5.50 | wo} 3,250} 8 : 
| | * 
17 i. ale] 600 403 17 26 200 | 1986 | 4,360) --------- | ---- > 
600 403 17 25 200 --- 1926 | 4,670, --------- | | 
| 1,200 2,121,600 203,814 | 10.42 58.3 | | whe le 
slaiulc 360 | 6 14 17 287 300 | 1925 
1,200 806 1,012 386,590 35,514 | 11,00 98.2 | 3.69 | wo} 1,100, 5 = 
450 | 3 | 16.75 |22 225 --- | 1926 | ----- 836 ,700 96,375 | 8.68 | ---- 24°_26° A.P.T. 
750 504 | 4 | 16.75 |22 240 --- | 1988 279,500 34,405 | 8.12 | ---- 
| Plant 1,200 806 1,116,200 130,780 8.53 4.96 | wo wit te 
= 
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TABLE IV - INFORMATION COVERING PUEL OIL (Pace 4) 


KI) 


RUNNING PLANT CAPACITY 


FACTOR ASEE TEXT) 


we 


INE CAPACITY 


ENO INE DESIGNATION 
SCAVENGING SYSTEM (SEE NOTES) 
EQUIVALENT K.W. 90% 
GENERATING EFFICIENCY 
NUMBER OF CYLINDERS 
CYLINDER BORE = INCHES 
GENERATOR RATING - K.V.a. 
YEAR ENGINE STARTED TO WORK 
ENGINE HOURS OPERATED 

IN REPORTED PERIOD 

GROSS OUTPUT - K.W. ERS. 
PUEL OIL USED = GALIOXS 
GROSS BRS. PER GALLON 
OP PUEL OIL 


RUNNING EW 


PAC 
PURPOSE FOR WHICH EXHAUST 


PLANT ALTITUDE - FEET 
ASD VE SEA LEVEL 
PU 


AVERAGE COST OP PUEL 
OIL - CENTS PER GALLON 


HEAT 


2, $30! 


844,090 26°.30° 

609 ,900 
1, 4535990 
20.229 S-Lese than 
0.58 


~ 


26° 


32°-36° 


4 
1,264,401 


~ 


322,900 26.6° 4.P.1; 8.0.-40" @ 100°? 
1,205,597 ash-0.0068; 
1,528,497 & We = Trace 


32°-36° 


ge 


S2-34° 


S88 888 §8§ 


747 , 800 85/82. 
1,862,600 


4,837,200 474,170 65 24-26° @ 100°F;5-1.09 


353,500 30,230 62.3 +3 |, 22°-26° 
31° S.U.-67" @ 100°P 
3,061,100 | 269,626 94.5 
BS. & W. Trace 


$88 88 


Ash-Trace 


91,657 74.6 24°.96° @ 100°F 
171,287 65.3 8=0.628; CoC. = 4.78 
262/914 


30,680 63.3 28°.30° 5 to 0.75%; 
B.S. & W. less than 1g 


Ash-0.48) BS. & 


Pertly in Tank Trucks 


24°.26° 


23.5° 
.U.=50" @ 100' 


S885 Ske 


8.61 
1,701,070 10.04 }76.2 


Se 


10.32 [76.5 AcPole 
10.69 [74.5 28°.30° a.P.I. 
11.75 62.7 
11.43 32° 
10.63 26°.26° A.P.I. 
10.62 
10,68 
26°.26° 


30°.36° 


~ 
3 
| 
» 
: 4 | 2 
2] 2imic 1s 17 257 170; 1919 6 
e slala - 400 269 | | 17 25 200 337 | 1924 | 4,36 
Plant 1,160 779 977 | 2,163| |» 
195 - 675 453 | 5 | 18 26 |. 225 625 1931 | 3,89 
, 480 see | 6 | 18 17 360 19324 4,43 
Plan’ 1,155 775 1,040 3.73 | No - |. 
616 300 | | 16.5/ 200 250] 1923| 4,56 
a) 1004 67 | 2 |. 17 257 75 | 1920 16 
‘= 750 504 | 4 | 23 32 150 657 | 1925 | 4,15 
Plant 1,150 773 982 1,711,510 149,704 11.435 56.5 4-51) Wo 20; u 
205 | | 15 20 228 375} 1930] 6,493 | ------.-. 
seo | 5 | 17 24 225 438 | 1928 
Plent 768 938 1,195,560 139,215 8.59 45.9 4.16] wo} 4,082) | 
95 elle 376 | 4 | 16 20 257 460 | 1929 370 115,300 ai 
2iu\P 376 4/16 20 257 469 | 1929 836 268,300 
Plant 752 938 381,600 37,579 10.15 84.2 2.58} Wo 746) 
iy 
- 202 | 3 | 17 24 225 250| 1923] 7,476 573,500 
2lulc isa | 4 | 26 17 257 170} 1921 584 35,600 
Plant 730 920 792,400 90,383 8.77 41.2 2.82| we eos) w 
143 al ulc ae | a 257 300 | 1928] 421,467 
4 6 | 14 257 300 
Pleat 726 900 | 3.31| we 
7 of «|x | « | 17 225 375 | 1928 | 3,93 
> 445 | 6 | 27 2 240 625 | 1930 | 5,38 
Plent m2 1,000 6.15 | wo ive} 
Plant 890 1,657,470 | 131,622 12.97 6.42] wo soo} 
Bs 146 aiuic 141 s 17 167 | 1931 | 4,932 370,800 32,240 11.49 /53.5 $.0.-45" @ 70°F | 
| 6 | 14 353 | 1931 | 3,240 607,000 48,800 12.43 SeLess than 1%; B.S. & lese 
elulc ese | 6 | 14 17 353 | 1931 | 3,276 607,200 48,922 12.41 /65.8 than 0.25¢ 
Plant 708 873 1,585,000 120,962 12.20 62.6 4.67) wo! is 
Wee 280 uaa | s | 17 170 | 1931 | 6,177 477,792 | 42,510 11.23/55.0 | 
2) 2) mic 360 242 6 17 300 | 1926 | 1,76 
2lulo 480 see | 16 2c 400 | 1928 96 
Plant 1,050 708 870 6.06] wo | 3,467) | 
> 
203 625 sse | 5 16 17 447 | 1931 | 3,89 
525 352 | | 16 17 447 | 1931 | 4,06 
Plant 1,050 704 894 3.37| wo mt 
gon | alalale 1,000 | | 20.75) 937 | 1927 | 6,45 Yes) | 
1,000 en | 6 | 900 | 19 64 Wo | soojm 
7 
1062 980 ess | 7 | 16 20 975 | 1930 | 4,056 3.265) Wo 1200] 
‘ 
865 300 | |17 24 200 250 | 1928 | 6,602 995 
675 453 6 |17 24 225 625 | 1927 | 5,280 2,033 
978 658 875 3,089, 500 4.01 | wo ese} | 
560 ise | |ae.s | 13.24 327 160 | 1926 | 4,007 | --------. | -- 
isa] 4 | 12.5 | 13.28 327 169 | 1924 | 4,619 | -----.--. 
- 336 | 6 | 17 24 200 438 | 1989 | 1,616 | --------- 
604 776 731,930 119,448 6,12 38.2 Wo | 
260] 605 |-14.78) 21 257 750 | 1928 319 90,700 9,996 9.07/47.0 | 47,0 
Yeo | 4,850/ 5 | 
98 | 6 17 257 300 | 1926 | 4,045 589,300 160.2 
17 257 300 | 1929 | 4,006 872,800 [50.2 
2iuic 17 257 140 | 1926 | 5,386 435,400 166.8 
5 t 740 1,597,600 184,457 8.66 61.5 3.74) | 2,031) | P 
1/2 a 17 287 170 | 1923 | 1,950 187,160 [71.2 
ils le 17 287 250 | 1923 | 362° 290 [70.7 ied 
slalale 16,25] 25 226 336 | 1925 | 6,221 | 1,508,530 [68.4 : 
Plant 758 2,057,980 224,087 9.18 69.0 | 1,650/" | 
190 | 17 24 240 470 | 1929 | 6,643 | 1,042,080 32.6 | 2 Ie 
4) uj - 17 | 24 | 200 170 | | 142 125040 | ence 58.4 
salu) 17 200 90 | 1915 ° 
Plant 730 32.8 | 1,650)" | 
2° 57° @ 100°P;S-0.608 
1) 2) 16 20 287 | 1920 | 4,16 oe | | » 
619 | 700 | 1920 | 1,365 588,300 56 ,996 2,200) | 
494 16 20 257 700 | 1930 | 1,176 495,200 46,348 S52] wo | 1,200)" | 
4 P 16 20 267 700 | 1929 | 2,078 969,410 63,244 - SEB | | 
| a3 32 164 760 | 1926 | 1,855 685,808 61,238 4.00 | wo |» 
; 
648 17 24 228 333 | 1926 | 2,653 601,990 47,162 
17 24 226 333 | 1928 | 2,180 507,540 66,286 
1,099,530 103, 467 3.23} wo | 1,200/" | B 
alal- 2 200 681 | 1930 | 7,044 | 2,631,800 230,808 2.20 | no eoolu |» 
ne elulc ise | 17 257 170 | 1925 | 3,003 320,100 35,930 8.92 
161 | /14 17 287 900 | 1927 | 6,914 840,300 68,578 12.28 
aluic 202 | 6 i7 280, | 1925 | 2,617 385,500 42,153 9.16 
pant 497 620 1,545,900 146 10.63 3.52 | No 
=) 
* 
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TABLE IV = INFORMATION COVERING PUBL OIL (PAGE 


GROSS OUTPUT - K.W. HTS. 
PUEL O1L USED - GALLONS 
GROSS K.W. HRS. PER GALLON 

RUWNING ENGINE CAPACITY 

FACTOR - (S&B TEXT) 
RONMING PLANT CAPACITY 
PACTOR-(SEE TEXT) 
AVBRAGE COST OF FUEL 
OIL = CENTS PER GALLON 


YRAR ENGINE STARTED TO WRE 
ENGINE HOURS OPERATED 

IN REPORTED PERIOD 

PURPOSE POR WHICH ACKET 

WATER HEAT IS UTILIZED (SER 


DES 1ONATION 
RATED 8. P. 
EQUIVALENT K.W. - 90% 
GENERATING EPFICIENCY 
RATED R.P.M. 

GRWERATOR RATING - E.V.A. 
13 FUEL CEWTRIPUOED? 
PLANT ALTITUDE - FSET 
ABOVE SEA LEVEL 

PURPOSE POR WHICH 


| HEAT 1S 


32-36° 4.P.1; 3.0.-36" @ 100° 
$0.78; 0185 
Ash-0.0018; Trace 


32°-36° 


S-less than 0.5%; C.C.-from 


26° 4.P.1; S.U. 75" @ 100°P; 
trace 


88s 


$-0.0058; C.C. 0.057% 


888 888 888 888 B88 


323 ‘| 32°34? 
15,678 


48,398 
64,599 
269-509 A.P.I. Warm weather 
32°-36° A.P.I. Cold weather 


74,658 
128,356 
61,878 26°.30° 4.P.I. 
619,170 37,140 28°.30° a.P.t. 
72,340 32°-36° A.P.1; 
22,580 & We 0.5% 
912,400 94,920 


804,400 — Bese & We 
1,362,500 


414,600 ”, {382.4% AsP. C.C. Ash-Trace 


8B 


888 842 8 


309,300 A.P.I. 
299,300 
281,940 


2 240 257 
2 200! 287 
3 


8388 


24°.26° 


E 


ESEE 3 
Ede. 


32°.36° 


36°-40° 


per 

338 


32°-36° a.P.t. 


28°.50° 


s 


neo 


mow 


28°.30° 


33 


34°.36° 


37°-40° 


47,310 


36,114 9 3-0.58 
12,231 
50,345 


$88 ESSE SEE ERE BEE EEE 
88 


SEE S38 


279 
~ 
= A 
718 | 6/16 17 287 4,750 373,910 | | coce | 888 
42 6} 16 267 4,250 | 343,410 ---- 33.4 
Plant | 184 717,380 88,908 | 8.07 3: 3.61} we} 1,200] w 
Plant ‘ 1,352,300 142,187 9.52 54 4.17) wo 700; w | BF 
elu 7 267 §,000 | ------- | ones 
Plant 464 997, 200 109,750 9.09 x 3.10) wo 750; w iW 
170 | 17 287 2,429 ------- | ence | 
Plant 484 703,186 73,434 | 9.58 5.53| wo so| wim 
67 360 | | 16 17 257 2,122 418,240 40,401 10.35 | 62.8 
el alujc 360 eae | 6] 16 17 287 1,998 392,760 39,151 | 10.03 | 61.4 
Plant 720 404 811,000 79,552 | 10.19 8) 4.47) 
2] ulc 240 261 | 4 | 12.5 | 13.25] | 1927] 5,310 
360 | | 15.28] 16 275 | 1927 | 1,515 
76 | 1982 | 1,068 | -----.- ‘ 
75 | 1,009 
90 | 1927 | 4,285 
if 
--- | 1989 | 4,899 3.77] 
| | 16.25/ 2s S13 | 1928 | 2,576 3.68] wo} 1,100) 
3 6 | 16.25) 23 515 | 1928 | 1,969 3.79| wo} 1,180) iB 
1 17 196 | 1931 | 7,50 
2 17 soo | 1931 | 1,306 
2 | s | 17.78] #2 275 | 1928 | 4,280 
2 | 3 | 17.75] 22 1928 | 6,372 | 
5.48] wo | 9,200°) ap 
890,540 | 156,976 | 6.50 3.04] wo} 3,100| |r | 
San coccese | ences 
Plast] | 644,280 75,138 | 8.58 3.14] wo iy 
25,880 | ------- | ------| 58.3 
Plant 130,210 18,807 | 7.40 4 2.31} ses | iP 
Plant 668,300 85,944 | 7.96 3.36 | Wo 723) 
Plent| | 431,636 60,477 | 7.16 3 6.17] wo | 5,000] 8 
Plant] | 440 58,610 | -----. 6.801 se 
ror} a} al 200 | 1926 523,700 | | | 55.1 
ulo 12s | 1925 | t : 
Plant 475 723,900 86,306 | 8.38 52.8 2.44 | eos 
172 ale ase | 1916 881 66,336 6,600 | 10.08 | 71.7 
eldal- 263 | 1916 690 87,214 8,370 | 10.42 | 75.3 
Plant 513 155,560 14,970 | 10.25 1347 | 3.72 | wo [1,100 | 
801} ald ule 1925 | 4,371 121,635 19,087 | 5.84 | 31.7 
ela ulc 1925 | 4,287 109,373 18,570 | 5.89 | 31.7 Paes 
sidulc 1929 | 2,908 90,500 96,538 | 9.37 | 47.1 
Plant 441,408 61,295 | 7.22 ” 40m. | wo 1,106 
Plant 608,505 3.00 | wo 400 ps 
695) liginic 1982 | 2,629 
Plast 456,540 4.59 | Ho soo 
1924 | 6,208 368,100 
Plant 502,150 3.11 | wo 667 
> 
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INFORMATION COVERING FUEL OIL (PAGE 6) 


PLANT NUMHER 


ENGINE DESIGNATION 
BUGINE CYCLE 


ALENT K.W. = 90% 


MCTION SYSTEM (SES NOTES ) 
ERATING EPFICIENCY 


D RePoMe 


NUMBER OF CYLINDERS 


CYLINDER BORE - INCHES 
STROKE INCHES 


RATED Be. He Pe 


RAT: 


R RATING © K.VeAe 


JENERAT 


WORK 


YEAR ENGINE STARTED TO 


3S OUTPUT K.We. HKG. 


3RO 


ER GALLOW 


NE CAPACITY 
TEXT) 


ENGI 
SZE 


FUEL CENTRIFUGED? 


GROSS Ke. PER GALLON 
NING 


OIL USED = GALLONS 
OF PUEL OIL 
PACTOR =( 
RUNNING PIANT CAPACITY 


FACTOR TEXT) 


1s 


T ALTITUDE - FEE 


PURPOSE FOR WHICH EXHAUST 
UTILIZED (SEE 


HE 


~ 


5 


x 


1920 
1922" 


1922 
1914 


1927 


203, 450 


245,000 
57,920 


107,300 
410, 220 


40,820 
144,430 
951 

864 
1,815 
7,220 


20° APole 


62,803 


34°-36° Summer 
38°-40° Winter 


34°-36° 


58° 
30,08 @ 100°p 


32°36° 
20°-30° 
(approx.) 


26°.30° 
30° 


940° ASD & 
Trace; B.Se & W. Not over Mg 


(approx.) 
28°.30° 


20°-51° 


32° A.P.Ty $.0.-45" @ 100°, 
(Max.);Ash & BeSe & Woo 


Delivered in Tank Wason 


S2236° 


36°-40° A.P.T. 


WOTES: INJECTION SYSTEM 


2? 


A- 


M + Mechanical 


aerysg SYSTEM (2 STROKE CYCLE ONLY) 
Crank Case Compressor 
Atta or Blowe: 
B Independently Shower 


BEAT UTILIZATION 
Bo Bot Utilized 
B - To H Building 
P - To Puel 011 
Labricating 011 (Sefore Purification) 
t Boiler Feed Water 
T.- Ice Cans 


WATURE OF FUSL 
American Petroleum Institute 
Seconds Saybolt Universel 
Seconds Seybolt Purol 
Sulphur 


Cerbon by Conradson Method 


Bottom Sediment and Weter 
ASPH. Asphaltic Residue 


= Started Fifth Dey of 5th Month 

= No Deductions Made for Motor Driven Scavenging Blower 

Installed Twenty-first Day of 9th Month 
Started Twenty-fifth Dey of 12th Month 

- Horizontal Engine 

Revised fren Reported Pigure by Operator 

= Date of ama Installetion; Started Here on First Day of Pourth Month 


ear Tenth Dey of 6th Kon 
Twenty-Ninth 4 of Second Month 

Date Original instal ation; Started Here in 1924 
= Sold For 257 ReP.M. 
= Supercharged to Give Sea Level Intake yy 
= Date of Original Installation; Installed in This Plant in 1930 
= Date of Original Installation; Installed in This Plant in 1926 
= Second Unit Discarded Thirtieth Day of llth month; Third Unit Started on That Date 
~ Started Pirat Day of Five Month Peri 
+ All Belt Driven Direct ~ Current Generators 
Date of Original Installation; Date Installed Here Unknow 


ofp 
| 
| | #2 zo | 
L 240 161 17 257 160 | 1928 | 2,900] -.-...... = 
~ root | | 2] a4 far | 267 | 
| 17 257 40 1915 | 1,200] ------.-.| -- 
275 7,960 | 
1129 50 2] 10.5 | 14 257 72 | | 3,56 | 
50 2] 10.5 | 14 257 12 | 23.3 | 
| 2] 11.82] 18 257 72 | 4 5406 
150 10. | 3] 14 17 257 125 | | -----| 2005 
] 4 a) 380 255 341 35,209 5676 29.6 4.09} No} 4,000] w | 
105 aor | s| 14 17 257 125 | 1922 | 4,4¢ 5403 . 
120, | 2| 14 17 257 75 | 1926 | 2,31 
100 67 | 2] 14 17 257 75 | 1923 | 3,91 cone 
370 249 275 7.11 45.5 2.35] wo] 1,560] | 
ulc 180 uz. | 3| 14 17 257 250 |: 2029 | 
Plant 360 242 300 53,531 1.98 | wo] 5,000] w | 
161 360 | 6| 14 17 287 300 | 1920 | 85,140 | 11.76 | 
152 360 242 | 6| 24 17 287 | 1925 $8 6,600 798 6.27 | 47.0 | 47.0] 3.90 | -- 
‘ alulc 120 81 | 2] 14 17 257 --- | 1926 | 6,068] ------- | 
Plant 350 236 437,500 58,480 7.48 42. 3.93 | wo wi w 
i 187 ulc 140 os | 2] 17 300 111 | 1931 | ---.-] ------- 
2|ulc 210 ya | 1s 17 300 270 | 1953 | || 
£ Plant 350 235 281 315,000 35,875 6.77 4.15 Ne 695 oF 
774 165 4] 11.75] 15 277 135 | 1917 487] 41,040 3,600 | 11.40 | 76,0 
Veer) ale 180 122 | 4] 11.75] 15 300 135 | 1920 480] 40,302 3,509 | 11.49 | 69.4 
Plent 345° 232 270 681,342 7,109 | 11.44 3.58 | wo| 1,200] | 
687 if elu reo, | 122 | 24 17 257 | 1929 | 5,571] 321,200 
2lulc 150 101 | 3] 14 17 257 | 1927 | 3,242] 107,506 
Plent 330 222 428,704 58,127 7.38 2.80 | wo| 4,010) 
é 2055 | 1) 320 215 4} 15 18.5 | 300 265 | 1932"| 3,672] 233,385 26,367 6.86 29.6 | 29.6 4.50] wo] 1,055) wip 
265 | @imic 60 40 1] 14 17 2s7 46 | 1927 | 2,555] ------ o---- 
2] 120 81 2) 14 17 257 90 | 1927 | 3,710] ------- 
st elule 140 | 16 17 300 211 | 1931 2,615] ------- > 
Plant 320 215 249 245,000 33,130 7.40 37.9 7.30 | 1,000] w | 
Plant 315 211 one 210,470 38,111 5.52 28.8 rap | 
{ a} «| 150 aor | 4] 9.5 | 24 3500 140 | 1927 | 4,458] 98,700 
150 201 | 4] 9.5 | 14 300 140 | 1927 525 7,600 | | 
Plant 300 202 one 106 300 13,543 7.85 21.2 3.48 | No e75| 
ese | s | 16 17 257 125 | 1929 | 4,144] 112,800 
2lelu 120 | 2] 14 17 257 90 | 1929 | 4,640] 98,300 
Plant 270 182 215 211,100 40,156 5.26 2.62 Wo | 4,500] w iP 
2 
= v 626 120 | 2/14 17 257 95 | 1930 | 4,066 | 216,000 | | 66.0 | 
120 | 2/14 17 257 95 | 1930 | 4,458] 219,300 
Plent 240 162 190 435, 300 45,810 9.50 63.4 3.93 | 
sié ic 120 ei | 17 257 | 1926 | 4,380% | | cone 
2'alule 120 | 2/14 17 287 94 | 1930 | 4,360 
Plant 240 162 188 160,600 23,700 6.78 22.8 4.12 | No | 
reo | 240 tea 6 | 10.75 | 13.75] 327 200 | 1928 | 1,e34| 61,890 10,007 | 8.18 | 27.7 | 27.7 
+ | 225 151 | 6 | 9.5 | 13.5 | 400 219 | 1928 405 | 28,800 3,900 7638 | 47.) [47.1 | 4.50 | wo 1900} 
sis | alelulc 2s¢ 17 | 2] 20. 325 --- | 1918 | 13,100 
2\2\u|c 37,8] 25 | 2] 12° | 18 300 urs 
jc 100 67 2 12.5 |15.25) 527 ease 
Plant 212.5 | 143 --- 5,039 6.27 | 4.10 | wo | 1,325] 
733 |: 2100 67 | 2 | 12.5 |13.25] 527 60 272 3.50 | 67.4 
an ee 2leluic 75% 50 | 2 | 12 15 300 60 200 4.32 | 5762 
eS Plant 175 117 120 472 3.84 62.1 3.00 | no esol yw |x 
646 | 1 120 | 2 | 14 17 257 90 | 2043 | 3.53 | 15.6 5.37 | wo | 600] w 
= 
4 
Ek 
. 


TABLE V INFORMATION COVERI8#G MAINTENANCE AND OPERATING LABOM (PAGE 1) 


TOTAL 
IN 
URS 


DOLLARS - MATERIAL - EXTRA LABOR 


NUMBER OF ENFORCED 


PER YEAR 
SHUTDOWNS 


GENERATING EFFICIENCY 


-M.E.P. AT PEAK LOAD - 


JEJECTION SYSTEM (SEE NOTES) 
YEAR ENGINE STARTED TO WORE 


NUMBER OF CYLINDERS 

P. 
GENERATING EFFICIENCY 
PEAK WWAD DURING REPORT- 
ED PERIOD. - GROSS 
B.M.E.P. AT RATED B. B. P. 
Las. PER SQ. IM. 
PISTON COOLING (SEE NOTES) 
ARE AIR FILTERS USED? 
UPKEEP - TOTAL DOLLARS 
MATERIAL - EXTRA LABOR 
TOTAL DURATION OF ENFORCED 
ENGINE SHUTDOWNS - HOUKS 
TOTAL ENGINE MAINTENANCE 
TIME NOT INCLUDING EN- 
HUMBER OF SHIFTS IN PERIOD 
NUMBER OF HOURS PER SHIFT 
NUMBER OF ATTENDANTS 


TOTAL ENGINE REPAIRS 
PER SHIFT 


ENGINE DESIGNATION 
EQUIVALENT K.W. - 90% 
RUNNING ENGINE CAPACITY 
FACTOR (SEE TEXT) 
RUNNING PLANT CAPACITY 
PACTOR (SEE TEXT) 
TYPE COOLING SYSTEM 
(SEE TEXT) 
COST OF REGULAR ENGINE 
COST OF REPAIRS FOR 
DOLLARS PEK RATED 
MAJOR ENGINE PARTS 
RENEWED DUK ING 


OUTPUT PER MAN-HOUR 
- NET K.W. HRS. 


RATED 
ENGINE ACCIDENTS 
REPORTED PERIOD 
FORCED 


B.H.P. 


105-311 
Piston Heads 
520-234 & Rings 


{c,s12-5,s04 


920-652 


ok >>> > > 


12 H. P. Comp. rings; 4 H.P. 
val 3; 38 working piston 
rings; i H.P. Air Tube Rank; 

sss Spring; 1-Gov. Rall 


E loug studs; 2 wiper pins 


Race; 15 Piston Cooling Tube 
2-Crank Pin Bxs. U.H.31 Puel 
Needle;12 x Hd. Bearings; 

1 cyl. Liner 

Exhaust Va Springs 


Sprs. Exhaus 


5 


eee 


@ 


congo 


— Gaskets 


Piston “ings; 
2-Crank Bearings; 


> 


minor parts 


PK EKE 


“Oe “mre 
~ 


anew 

>> > 


Cylinder liners 
400 & Caskets 


~ 


° 
208-2,774 | |1,416-17 2 cyl. heads® 
1, 233-18) 2 cyl. heads& 
616-98 1 cyl. heads & 
comp. liner 


Exhaust Valves; H.P. 
Comp. Valw yl. liners; 
Spray ngze 

Pistea ings (many) 


88888 828 


l-New — l-liner 
- 


Caen 


1 
2 
4 
5 
1 
2 
4 
5 
6 
7 
P 
1 
2 
3 
4 
P 


} 


alve Parts; 
2, 384-7 , 45) Minor parts 


o> 
oo 


83 


| 
~ 
oo 


Bushings for worn 
cylinders; Exhaust velves 
Fuel oil & water lines 


3 


Piston Ringe 


ings, Bearings, } 


>> >> 


ist'o 

ump 


Baaa & 

Proo°o 

cooo°o 


o 


€ 
OIL AND GAS POWER OGP-56-1 281 
i 
| 
> 
; 
; 
| | 
« 
= 
| 366 a 2 
aon | 360 a 2 
366 3S | 1,385 
26 
56 
57 ig. 
21s 
262 | 313 2 : er 
277 | 315 2 
313 ‘4 
364 1 395 
127 | 31s 2 
ise | 313 2 
77 | 313 a 
= 
--- 
--- | 366 2 
o-- | 366 3} 1 
366 1 554 ay 
---- | 366 2 
--- | 008 
| --- | 366 2 
366 2 see 
‘ 
| D 366 8} 1 636 
4 
130 | 313.7 8 2 2 
B-E 528 244 865 
1 3S | 1924 460 | 73.8 | 64.3 | 68.6 a |Yes 149-31 678-44 | 1.50 so | 110 Ss ege 
3s | 1926 440 | 72.7 | 79.4 | 65.2 A | Yes 672-0 1.12 1s | 192 | 
6 1929 975 70.1 64.8 69.4 0 Yes 627-42 0.56 10 19s } 366 
6 | 1930 975 | 70.1 | 84.6 | 70.2 | Yes 633-57 0.58 36 | 197 | 366 : 
6 1,160 68.6 A 366 8} 2 482 
2 | 1930 | 1,400 | 64.9 | 76.8 | 82.0 | yes 
2 | 1930 | 1,400 | 64.9 | 76.6 | 52.5 | Yes --- | 336 1g 
4 2,550 62.3 a-c 366 1g 598 
2 | 1925 785 | 74.3 | 75.6 | 96.0 --- | 229 3 
2 | 1925 785 | 74.3 | 75.6 | 97.9 w in --- | 148 
| --- | 366 eis 
366 113 
0.29 p} o | 120 
366 131 222 
252 
- ---- | Experimental Searings and .08 2,736 | 252 282 
fuel pump parts 32 
= 
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TABLE V-INFORMATION COVERING MAINTENANCE AND OPERATING LABOR ( TAGE 2 ) 


a 
2 z a a 8 5 a ° a fis 
Al 67 1927 50.0] 44.3 No - {103} 200 | 366 8 
pis 1125 755| 1931 770 | $9.4| 60.6] 57.9 Yes - | 34] 230 | 366 
Plant 2925 | 1963 1250 49.2 B ] 2i2 8 oe 
7 350"/ 1925 5 | 100.3| 96. 58.8 a 1-H Wedges; Spray Valve Q | 0} 648" 
4] 235| 1925 225 | 100.3 | 9 54.8 a Tips and Road o | 744" 
4) -|6 350"| 235] 1925 200 | 100.3 | 85.3 | 58.9 A 1958 - 1040 © 192-20 cy, votes | 366 2 
4] ul 750 $04| 1927 400 | 93.2 73.9] 53.7 A 0 o| o | 366 8| 2 
4| ul 930 624| 1930 620 | 85.2) 84.6] 61.4 A 1 jo.4] 672" | 8} 2! 
ant! 2730 | 1833 907 57.9 D 
732 4} aj -|4 260 168| 1915 74.1 A 
250 168 1916 74.1 A - 
4 A -|4 S20 349 | 1921 | 74.0 8691 - 0 - 
750 504} 1923 74.5 --- - --- 366 8 
Plant| 2520 | 1693 1470 | 50.4 B 8| 2] 199 
978] i) 840 1931 | 53.6 --- Yes 
2| 2| ul P| 6 840 see 1931 --- Yes 
Plant! 2520 | 1692 1800 | | 87.6 313 
908 P 1250 840 192: 800 62.5 59.6 69.8 Wo l=Piston Head;50 Piston Rings - |---| --- 2 
5 1925 800 62.5 67.4 No Top and Bottom kccen. Straps 8 2 
an 680 1600 68.5 B 366 68| 2] 303 
93 P| S 700 470} 1928 | 53.6] --- 48.0 Yes | peo] 
uj 700 1928 | 51.3 Yes cylinder Heade | 
Pi4 560 192 --- 55.6 ° Yes and Gaskets one 360 8 2 
4) 34) 1914°) | 74.0) 60. Yes 6} 1 
Plant| | 2480 | 1665 1400 82.0 B 360 8} 1] 344 
Packing; Gaskete; } 366 6 2 
Air Compressor 366 6; 32 
Valve Dis ie - 366 8 2 
aie 6} 1] 
4 
4 
+0 2 
| 57 67.7 Yes 19 10} 2 
366 10 
3} al -/6 1,150] 7 1928 900 | 88.0 | 70.8 No b--| --- | 366 3 
Plant 2,370 | 1,592 1,200 65.5 A 366 6} 2] 160 
79 | | 182] 1012 110 | 75.0] 54.6] 53.0 @1 
4) a} -|3 22 151 | 1912 110 | 75.0| 54.6 | 54.6 A| No 751-0 o |}  § ---------- --- 
3} 4) -|6 6 29 425 | 73.8 | 77.9 | 66.3 No Piaton Rings 0} --- 
4] 4] -|4 520| 349 1923 350 | 74.0] 74.2 | 60.2 ° Piston Kings Oj --- | see 8 
5] 41 al 00 o3 | 1925 425 | 73.8] 77.9 | 66.2 Al Wo Piston Rings | 366 e 
Plant 2,170 | 1,457 1,000 66.4 B 366 8 340 
les 720 484 1926 46.0 - | bee | one wee - 
sielmipr 720 1927 46.0 | eco one © pee | one 
Plant 2,160 | 1,452 94.4 470 
6] 300! 1926 29.4 ale - -|- 
2] 4) a) -|6 403 | 1926 69.8 --- | --- -|- 
3) 4) 600 403 | 1927 69.8 --- - --- --- -|- 
4) 4] al-j6 600 405 | 1926 69.8 al- -|- 
Plant 2,100 | 2,411 97.4 ise 
es | ij2imici4 240 | 162 | 1925 120 | 35.3 | 26.3 | 54.4 a] to o|--- 
2|elulcle 360 | 242 | 1925 | 200 | 35.3 | 29.2 | 54.7 
3} 2] 4 560 | 376 | 1928 350 | 53.6 | 50.0 | 68.4 | Yes {lection bump Parte | 2] -|o-- | 566 
alelul ris 604 | 1950 610 | 57.5 | 58.1 | 66.1 Yes O|--- | 366 
Plant| 2,060 |1,385 660 63.9 B 366 
403 420 | 75 77.0 57.6 Al Yee iston Rings, 0 
2) 4) al -|4 400 | 269 | 1927 270 | 73.8 | 74.1 | 50.2 a| Yes ° 1.45] baskets, Etc. 366 H 
1,000 | 671 | 1932 580 | 73 36.0 aA | Yes 
Plant 2/000 11,343 580 52.0 B 366 ele 96 
215 af geo | ese | 1950 | s5.6| 65.2 | 04.5 | Yes o} |ses| | 
al el 9 658 | 1930 BOO, 53.6 | 65.2 | 83.7 Yes ° | 
Plant! 1,960 |1,316 ay 04.2 
736 | 1,125 | 755 | 1924 | 67.3 | --- 62.6 Yee 1, 779-303 © | 608 
2] 4) al 400 | 269 | 1922 coo | 77.8 | 79.0 a| Yes 445-76 ° © | 482 
a 81.2 Yes 445-76 | see 


203 

+, | 

4 
: 
q 

ALY 


— 


TABLE V- INFORMATION COVERING MAIUTDNANCE AUD OPLHATING LAYOX IaGE 3 ) 
= 
= 
4 a 3 2 3 5 = 2 = £ 
4 ‘ 29) 3 < nee § a| Lal 
750 504) 1922 | 7465 | 47.7 No Cylinder; Cyl. Head; 
450 302} 1916 | 75.0 | a | Connecting | 
1906 --- | 75.0 | --- 53.4 a | No Pin Boxes; |---| --- 
25 151) 1904 | 75.0 | ---- A | Wo l= "a" Prame - 366 
225 151) 1906 75.0 --- No 366 
1,875 }1,259 670 48.9 A 366 | 
Pigton Rings 
500 76.0°| @9.0] 61.2 A | Wo +3, 099- Oo} oO} sie | 
350 235| 200°] 70.7 | 60.2] 40.2 A | None 316 8| 2 | 
1,850 /1,243 e220 64.8 B 104 | 
1,760 1,182; 1930 3,100 64.° 60.4 32.7) 32.7 © D-E ° 0.52 | Piston Rings & Valves 2 |0.5 366 140 
7s | 1920 560 | 75.1 | 71.6 | 7266 a | Wo 0 utnor Parts of --| 366 8 | 
73 586] 1929 530 | 78.1 | 67.7 | 72.9 A | No of | 
1,750 {1,176 560 1.8 | 
200P 1923 130 | 29.6 | 28.5] 75.9 A | No - ° 
3 202] 1923 190 | 29.4 | 27.7] 82.8 A | No ol o 3 
840 1929 S60 | 55.6 | 53.2 | 58.8 | Yes 6 3 6 | 366 
865 245) 1916 240 | 75.6 | 72.3 | 75.2 A | Wo 27 | 366 1oj}2 
1,706 1,145 1,120 62.4 366 4/2 56 
sso | ses! 1028 560 | 53.2 | 72.8 © | Yes 2,041-470 | 0 2.99 | Basted "in Mak. 10 | 
2 840 5 1928 3.6 | 53.2 | 68.0 © | Yes 1,020-235 1.50 | Main bearings & Kings re- |0 | 0/| 783] 366 10/2 
Plant 1,080 /|3,120 1,220 69.7 BeE placed and on Ko.2 1 Crank 366 wo}i 386 
seeping and lings Replaced 
on Yo. 1 
18 450 302 wae | ane | fo 
2 Ab 600 403} 1926 | A --- | | oon le 
Phant 1650 1108 | 1080 62.4 - 212 
ens | 191] 1920 | 73.3 57.4 a o 
is 285 191] | 73.3 $0.9 A 356 eis 
is 300 1925 | 77.1 72.8 | Yee lo 0.16 Minor Parts Orly ---] 356 
alata 750 504 | 1932 | 64.5 58.2 | O| ---} 356 el2 
Plant 1088 700 5A.6 a 70 122 
1 400 268 1921 220 77.2 42.7 A | No Four Spray Valve Stems ° 
560 376 | 192 150 | 73.4 | 20.3 | 50.0 Seats; Also Minor O| ---| s66 8/2 
3 600 405 1926 | 450 69.8 | 78.0 | 65.0 Yes Prarts O| | 866 
1650 104e 600 $5.0 3-5 366 11 
ele 
118¢ }2 750 504 | 1931 [74.7 | | 46.6 A | Yes ° 0.00 Mitiner Parte ©} === | (3) sie 
is 750 $04 | 1953 [74.7 | | 46.5 Yes Of ej2 
Plant 1500 1008 | 650 46.5 a 101 
152 375 es2|i929 | 250 | 74.7 | 74.2: A | Yeo --- 
$00 3356/1929 | 345 | 7467 | 76.6 |72.0 A | Yes 366 | G-loj2 
625 420] 1929 | 440 | 74.7 | 78.2 [69.9 A | Yeo Of 366] 10/2 
Plant 1500 1008 | $40 63.7 ! B-E 366 10} 2 120 
a9 28 | | 74.2 a afr Compr. Cooling Cotle |0 | --- 
250 68] 1920 | A | Yee 296-0 ° 0220 Air Compr. Cooling Coils oO} a2 
365 245)1915 [73.8 A Air Compr. Cooline Colle [0 | --- | 352 es 
403] 1927 |73.8 A ° o} 352 al2 
Plant 1463 | 840 71.1 A 42 
| 
496 400 1925 | 2n0 | 75. 78.6 |52.6 A | Yeo 120-132 0.63 | Injegtion Valve Cage, | 0 | 1968 
201 | 1925 200 |75.4 | 74.3 |41.4 A ° © | 1886 | 365 10} 2 
750 1928 { S00 [74.4 | 74.0 45.4 A |Yes 180-141 0.43 |2-Power Main Bearing Shellg 0 | | 2010 | 365 10} 1 
Plant 1450 | 650 45.5 D 365 
70 560 376 | 1928 53.6 | 51.35 64.6 |Yes Peel Injec Pump; Cyl. Head --- 
540 376 | 1928 380 [53.6 | 54.2 [53.2 © |Yes 809-0 Injec. Pump; Cyl Head | 366 
ston Rings 
3 202 | 1923 190 |20.4 | 27.7 [64.0 A |No ° Wone --- | 366 
Plant 1420 984 560 54.3 A 366 @}i 
8 1400 942 | 1932” 1000 /57.5 | 61.1 | 63.6 [63.6 246 - 0.82 =Cyls Replaced at Mfr's | | 205 | 366 8 |2r 
Expohse 366 6 
163 | 1 400 260 | 1924 270 [66.7 | 64.9 | 51.4 A Ringgonnect Rod Bear = 316 
400 269 | 1927 270 |44.7 | 64.9 | 49.5 A 704-0 None 314 8 
600 403 | 1929 400 |64.7 | 65.2 | 52.7 A None ---| 516 jer 
Plant 1400 | «(942 940 50.4 A 156 8 |e" 
ale 400 269 | 1925 172.7 | --- a 
Plant 1400 041 600 61.9 - 
aaa a 300 1925 |72 [40.1 6 Piston Rings 
400 269 | 1925 172.7 | one A +15 Piston Ringe 1} 48] 672 
Plant 1378 924 820 49.8 366 sie 
5 Ve Ye SS 8 
517 750 S04 | 1932 360 ]77.6 [55.4 | 25.6 A } pot 
2lalal- 625 420 }1930 420 73.2 3.2 30.8 A Yes ° Compressor Valve Discs. Od 3SS 8 1 
Plant 1375 420 27.9 36 
ses 245 | 1922 2600 |73.8 | 76.3 | 54.° Piston Rings ° 10 
200 134 } 1924 120 }77.2 [69.2 | 74.3 A Valves 35 
Slelalele 800 538 | 1926 625 [61.9 [60.4 Piston Ringe 1 178 
Plant 1365 917 690 7.4 


: 
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VERINO Ww 


PORCED 
RIOD 


ROSS K.W. 
cD SNGTWE 
= 
NUMBERN OF SHIFTS IN PE 


- MATERIAL = EXTRA LABOR 


UTLOWNS 


SHUTLO 


TPUT PCR MAN-HOUR 


- NET HRS. 


UPKEEP - TOTAL DOLLARS - 
MATERIAL - EXT2n LABOR 


ENGINE ACCIDENTS - TOTAL 


SCAVENGING SYSTEM (SEE NOTES) 
DOLLARS 


YEAR ENGINE STARTED TO WORK 


B.M.E.P. AT RATED B. H. P. = 


LBS. PER SQ. Ii. 


WUMBER OF HOURS PES SYIPT 


90% GENERATING EPFICIENCY 
PISTON COOLING (SEE NOTES) 
TOTAL ENGINE REPAIRS IW 
DOLLARS P2R RATED 

B.H.P. PER YEAR 

NUNBER OF ATTESDANTS 


REAK LOAD DURING REPORT~ 
COST OF REGULAR ENGINE 


ED PERIOD - 
B.M.E.P. AT PEAK LOAD « 


PLANT NIMHER 
DESIGNATION 
EQUIVALENT K.W. 90% 
GENERAT ING EFFICIENCY 
RUNNING CAPACITY 
PACTOR (SEE TEXT) 
RUWWING PLANT CAPACITY 
FACTOR (SEE TEXT) 

ARE AIR PIITEPS USED? 
TYPE COOLING SYSTEM 
(328 TEXT) 

COST OF REPAIRS YOR 
MAJOR ENGINE PARTS 
RENEWED DURING 
RZPORT-<D PERICD 
BUMBER OF ENFORCE 
SHUTDO“NS 

TOTAL OF Zh 
EXGINE SH 

TOTAL ENGI 

PER 

oon 


| 


| 


Compressor Repairs 


aoe 


Valve Perts; 


= 


Minor Parts 


Cylinder 


{3 Compressor 


> 


Minor Parte 


ao 


Piston 


Cyl. Head; Liners; 
pirel 


Piston Ringe 
None 
ll- Friston Rings 


Piston Ringe Purnished 
Originally with encines 


Minor parte This Year; 
But cost includes final 
ayrent on Cyl. Liners 
Unite-Boucht in 1952 


3 


3 


42 
4 
2 
2 
4 
a! 
2 


Puel Nozzles 


And Gaskets 

l- Bearing; 
Picton Rings 

And Gaskets 


Bearings; lePiston;Fiston Rings - 
Bearings ;Crankshaft;Piston & - 


kines 
Bearings; Scav. rurp Valves; 
Piston Rings 


[ser Perts 


{ton 


i-Piston; leCylinder 
No Charge vy Manufacturer) 


Rings;Crank Bearing; Piston 
1,571-0 Rods; Piston lead? 


ame ooo 


Overhauled; l-Liner; l+Piston 

5, 286-578 Main Bearings; Crank & riston Pin 
Bearings; Some New Rings | 

4 


9 New Cams & Fuel Pup 


= 
a 
6 
886 120 | 81 | 1927 ere | 35.3 A} No FS 
200P 134 | 1925 | 29, A| -793- 0.61 © gee | 
360 242 | 1929 | 35. Al No | and 366 1 
625 420 | 1931 wae | No fe fae | 366 8} 
1s 275 iss | 1923 iso | 75.8} 73.6] 62.2 al Wo 407-0 1 |o | ee 
200 134 | 1923 140 |°73.5] 76.8] 60.3 A| No 67-0 © | | 366 
750 504 | 1925 425 | 73.8] 62.2] 46.8 Wo 217-0 0 | 0 | 366 | 
1,225 823 425 5704 a 368 ej. | 
1063 1,200 806 | 1931 | 1,000 | 57.5] 70.5] 70.5 | B-E 200-122 ° o to] 
: 
400,| 260 | 1928 |---| 69.8) Al No 80-15 680-15 | -- 
Plan 1,200 806 640 74.4 B-E 
Re 
451] 600 403 | 1932 420 | 57.5] 60.0] ---- o| Yes “167+ © 
600 403 | 1931 420 | 57.5) 60.0] Yee ° | --4 3 
Plent 1,200 ecé | 1971 470 46.9 B-E 3 
333 | 1,200 | | 1929 | | 77.2] 77.2 | 0] wo] B 37-451 0 | {3 | 
Spring 
ae & Plant 1,200 806 1,000 58.3 -- | coe 
| 
ang 16 -|6 600 403 | 1927 400 | 69.8] 69.3 | A| Yes 50-10 0. 0 | 0] 48 
240 161 | 1925 160 | 35,3] 35.1 | Al Yee 100-25 0.82 — 0 | 460 
a ose 1925 240 35.3] 35.0 | Al Yes ‘ 50-10 0017 --- 0 © | 240] 36¢ 4 | 
ant 0a 806_ 00 6.2 B- 166 
14 WAR 450 302 |.1926 coe | 6408] cone] coco wl] Yes ° lo 966 
4 Plant 1,200 | 806 A we} 6] 1 120 
eve} alelulri« 560 376 | 1929 400 | 53.6] 67.0 | 69.5 o| Yes 10 -- | 
2] 2] 4 200P| 134 | 1919 120 | 20.4] 26.5 | 78.5 Al Wo 0 | --4 see 10 | 
salal-le 400 269 | 1924 275 | 69.6] 71.4 | 62.3 Al Wo ° 2 --4 366] 10 | 2 
Plant 1,160 779 790 74.6 D-E 366] 10] 128 
“193 das -|5 675 453 | 1931 459 | 74.6] 74.1 47.9 Al Yes ° --4 --- ale 
480 S22 | 1932%| 330 | 78.0] 79.9 | 42.7 Al Yes 0-31 0 --4 ----] 8 2 
1,155 778 450 45.5 D ow 
616 300 202 | 1923 200 | 77.2] 76.4 | 70.4 Al Wo 
100P 67 | 1920 $0 | 29.4] 21.9 | 90.0 al Wo 2800-290 2 © | --4 | er 
750 504 | 1925 800 | 74.5] 74.0 | $0.2 Xo © | --4 366 | ir 
1,150 773 $00 56.5 B 366 
550 369 | 1928 | 71.1] | al Yes | | 366 
1,140 765 320 45.9 D-E 366 e}i 125 
560 376 | 1929 | 53.6] ---- | 85.6 Yes | 
3 1,120 782 450 84.2 seo |} 
| 600 403 | 1925 | 64.6] ---- | 53.6 Al Yes | --4 --- 
2] 4] 300 202 | 1923 | 64.6) ---- | 38.0 Yes 0.41 soe] 2 
rip 200P 134 | 1922 | 29.4) | 45.5 al Yes 366 | | 1 
Plant 1,100 739 510 41.2 B 366 i 
| 360 242 | 1928 230 | 35.3/33.6 al Yes --- 
2| 2} ulcle 360 242 | 1926 230 | a| Yes 416-27 © | 0 Ge---| o | 
slaluiclée 360 242 | 1926 230 | 35.3/33.6 al Yes 0 0 Gde---| | 6 | 
Plapt 1,080 726 325 B S06 € | 137 
7e | 400 269 | 1926 300°} 64.6/72.0 30.5 Al Yes --- 10 337] o 2 
6 660 #43 | 1930 500°] 66.7/75.3 50.5 Yeo 7 | 3s7] | 2 
Plant 1,060 400° 44.4 A 8 13 186 
sic | alatulcls 200? | 34 | 1925 14s | 29.4/31.8 sone al wo | 
| 202 | 220 | 29.4/32.0 | A] No | e-|--els66 | 8 | 28 
seo | 376 |21929 | | ss.6l40.9 | --- o| to 
Plant 1,060 | 712 400 A 366 8 ise 
1144 210 141 | 1932 | 5563 $5.3 Al Wo 
2}2|miclé 420 262 | 1932 | 35.3 |--- 66.4 A| Wo 266 e 
| 210 141} 1832 135 | 35.3 /33.8 $5.0 A] ¥o ° 0 © 
360 242 | 1926 165 35.3 |24.2 41.4 Al No 11-0 o = 0 3 
480 322 | 19268 210 | 46.0 |30.0 45.6 No of 
Plant 1050 705 220 49.5 BS 
203 525 352 | 1931 210 | 52.9 59.4 Yes ° ° ze 
525 352 | 1931 210 | 52.9/31.5 $2.2 Yes { 3 
Plant 1080 704 420 55.7 D-E 
3s 
602 1000 671 | 1927 7007 | 62.5 |65.2 65.2 | 85.2] Yes 0 
4 | 1000 671 |19162] 600 | 72.4 82.3 | 62.3] al m © 1250) 
rosea | ese jisso | 700 | | 94.5 | 94.5] 0 | No 29 | | 
; 


OIL AND GAS POWER 


TABLE V-_ INFORMATION COVERING MAINTENANCE AND OPKRATING LABOR (PAGE 5 ) 
ag a a mo | @ et Sdx See 2) Sol73 & 
853 -/3 300 2 150} 72.7] 84.0 ho Pieton Rince q --4 366 
-|6 675 1927 400 207] 85.2 A Yedq 4-- 2.56 Piston Rings --4 8 2 
Plant 975 655 550 1.6 366) a 2 2s2| 
1068 900 60S 1631 500] 57.5} 47.5] 83.3 Q Yo4 Det 300-77 0.42 None ° -| 
560 ws 1924 4.7 No © 1.40 4 New Ft & Rings oO 124 
auici4 200 1924 2 34.7 lelsg 5.69 eu biston & Rings 366 e 2 
4] 500 336 1s29 310 6760 No 0.41 ol Pump and 2q «366 
Miscellaneous Shop York 
Plant 900 604 310 38.2 A 366 Cy 62 - 
260) 900 608 600} 64.4) 62.2] 47.0] 47.0 kel 11-0 0.02 Gaskets -| 
ae 3 242 1929 $9.2 A Yes searings and Gaskets --4 366 81 
32 180 121 1926 60.8 Al Yeq | 366 1 
Plen 900 5 62.5 | 366 6} 2 
| Rebebditt Lower Nelf all 
53) 200P 1M 1923 M40] 29.4) 30.7] 71.2 Al |} M.B's And Six Crank Beare | 
incs; All new Piston Rings 
201 1923 200} 29.4] 29.2} 70.7 Al Nol J | 1 =| 366 8} 1 
400 260 1925 260] 73.8) 71.3] 68.4 al Minor Parte 366 8) 2 
Plant #00 530 69.0 tek $66 ej 1 228 
130 239 1929 290 66.7 $2.5 32.6 Yeq 10 New Piston Rings 
2] 4] 200 IM 1922 125 | 72.6] $6.4 al Mo None 366 8) 1 
Ylant 850 570 290 32.68 D 366) 8) 1 
1086] 840 1979 600 | $3.6] 57.0] 76.2] 76.2 Yea 1.35 asin Bearines 2] Sco} 428) 366 8) 
} 366} 
619) Wal 6 840 Su4 1929 550 | $3.6] 82.3] 76.5 | 76.5 Yeq Bek 104-0 --75688 06 Crank Shaft Bearings ea ° 120] 366 6) 2 262 
494) 640 564 | $2.6] 67.5 | 74.5 | 74.5 200-99 ° 0.34 Minor Parts ©} ss2] 314 6} 1 256 
| 
153) 840 564 1929 860 | $3.6] §3.2 82.7 | ---- | 2151 
71) 625 $54 1926 600 | 74.9] 66.2 | 65.2 Yes! 906-0 ° 1.10 O} 3° 
366 9) 1 
648] 400 269 1928 20 64.5] 48.0] 70.4 al Yes) © ° ° 
400 260 1928 2 GieG| 48.0 | 70.0 Al Yea) ° 492-050 1.23 Piston and Liner 1 | 314) 10/2 
Plant 600 538 400 70.2 Bek 314] 10) 1 170 
4 r 
421] Walal-is 600 $37 1930 S25 | 72.7] 71.2 | 69.5 160.6 Al a ° ° 383 8 
366] 2° 
200P 1925 136 | 29.4] 29.8 | 77.2 Al No ° Piston Rings and ° O} 349] 10} 1 
249 1¢1 1927 160 | 3%.3| 35.1 | 78.4 al Ko 93-0 ° 0.13 Hee. Oackets ° 349 4/2 
300P 202 1925 190 | 20.4] 27.7 | 76.1 A} No ° ° 349] 10/1 
Plont 140 497 420 78.8 DeE Sl 1 les 
wie an on Crank Bearings; 2-M.B. 4s 
718] 360 242 1926 160 | 35.3] 23.4 | 32.5 Al No 0094 Piston Rings 
360 242 1926 160 | 35.3] 23.4 | 33.4 A} Wo 3- Crank Beavine3; l-Lud.dil™| 366] 12! 2F 
Sump Pump; 16 Piston Kings 
Pla | | 720 404 150 33.0 8 306 | 12] 
$32] 1 6 360 242 1929 240 | 35.3] 35.0 Al Yes} | 0.71 Piston Rings 366]; 8/1 
350 242 1929 210 | 35.3] 35. Al Yoo ° ° 366 8/1 
Plant 720 484 400 $4.0 366 8/2 
Ring ch ton re 
27] 360 242 | 1930 240 | 3503} 35.0 | al Yes | ® pieced by one= e--| 366] 8/2 
Double Seals 
360 242 1930 240 | 35.3] 35.0 Al Yes 156-0 ° 0.43 All New Rings ses 6/1 
Plant 720 484 365 20.5 D 366 8}. no ’ 
170 ulc 360 242 192 35.3 Al Mo l-Setzcd Piston & cyt 3] 23 
2taluicié 360 242 192 3503 Wo © 
Plant 720 an4 58.2 BeE 312 | 10/| 2 --- 
360 242 1925 210 | 35.3 | 30.6 61.5 Al] No 
3.6 
2] 360 242 1925 210 | 35.3 | 30.3 A| No 
Plant 72 484 210 61.5 A 12) --- 
240 161 1927 Al -- 
Shelulcla 360 242 1927 Al 
Plant 700 470 -- 6s 
411] 200P 13 1914 21.9 A ° 
120 81 1926 70 | 35.3 |30.5 A | No 1-0 a 0.01 | Gaskets o 366 
Stalmiclé 350 242 1930 220 | 35.3 | 32.1 A | No 40-0 q Q.11 Inje Valve ° 366 
Plant 457 2 366 | 8 70 
$29} 6? 1922 SS | 29.4 | 24.1 A |¥o ° q © Minor Parts - 
100? 1922 $5 | 20.4 | 24.1 A [No 
12 61 1927 65 |35.3 | 20.3 A |No - 348 | 10 }2 
200 201 1931 180 |50.8 | 45.5 © 50-28 6-10) 30 | Inj; Nozzle Parts - 348 | lo 
Plant 620 416 180 D 350 8 $2 
106 | 690 403 1929 $10 | 69.8 |70.0 A - © | | ane | |e lee 
2 due 356 4 
1006 | 600 403 1928 420 | 73.8 |76.9 a 100-50 680-200 1.72 bei ube 2 | 192 72 242 
1094 | 600 403 1928 410 |73.8 [75.1 78.0 | 78.0 | A 150-64 +36 | Minor Parts 
644 240 161 1931 156 [35.3 [34.2 A [No 58-0 0.06 
2'e'uicle 360 242 1931 240 |35.3 [35.0 A 
Plant 600 403 287 69.8 ic 
61 | 300 202 1928 195 |64.7 |62.5 66. A [Bo 475-218 ° 2031 
200 202 1928 220 164.7 |70.5 62.5 A 522-193 2.38 
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TABLE V -INPORMATION COVERING MAINTENANCE AND OPERATING LABOR (PAGE 6) 


- 
NUMBER OF SHIPTS IN PERIOD 


WE MAINTENANCE 
LUDING EN- 
ms. 


PER YEaR 


JOR ENGINE PARTS 


SCAVENGING SYSTEM (SEE NOTES) 
YEAR ENGIWE STARTED TO WORK 
AT RATED B. B. P. 
AT PEAK LOAD 
PISTON COOLING ( SER NOTES ) 
DOLLARS - MATERIAL ~ EXTHA LASOR 


TYPE COOLING SYSTEM (SEE TEXT) 
COST OF REGULAR ENGINE 

ENGINE ACCIDENTS - TOTAL 
TOTAL DURATION OF ENFORCED 
EBGINE SHUTDOWNS - HOURS 
WUMBER OF HOURS PER SHIFT 


ENGINE DESIGNATION 
RATED B..H. P. 
GENERATING EFFICIENCY 
PEAK LOAD DURING REPORTED 
PERIOD = GROSS E.W. 

Be Pe 
LBS PER $Q. IM. 
B. M. EL 
90% GENERATING EFFICIENCY 
RUNNING ENGINE CAPACITY 
PACTOR ( SEE TEXT ) 
RUNNING PLANT CAPACITY 
FACTOR ( SKE TEXT ) 
ARE AIR FILTERS USED? 
UPKEEP - TOTAL DOLLARS- 
MATERIAL - EXTRA LABOR 
COST OF REPAIRS FOR 
TOTAL ENGIWE REPAIRS IW 
DOLLARS PER RATED 
B.H.P. 
TOTAL ENG 
TIME 
WOMBER OF ATTENDANTS 
OUTPUT PER MAN-HOOUR 
- 


B. 


> 


3 - Intermediate Cyl. Heads; 
Small pinion of Fuel Distriv. 


Jaskets 


Heals And 


1925 
leCyl. Liner & Piston 


{is kets; @ few Piston 


Rings when cleaning 


and Minor Parte 


Rebored; Cylinder 
And Gaskets 


| ylinder Heads 


61-0 Cracked Cyl. Head Weld 


Crank Shaft Bearing 
118 - 161 


Crank Shaft Bearing 


Piston Kings & Injection 
Nozzles 


Air Valves 
Air Valves 


~ 


Rebavbitted; Ringe; 
s 


crank Bearings 
Main Bearing 


| 


1 - Cylinder Head 


4 © Cylinder Heads 
fev. Heats & Caskets 
None 

None 


Piston Kings, jaskets,Injectr 


Connecting Rod 
jearing 


Air Relief Valve on 
Water Manifold, Gawkets 


None 
None 


1 New Cylinder 
2 Cylindera Rebored 


| 
q £ 
<7 a 
103 | 240 161 [1927 155.3 | | 52.2 | Al Yes} | =| | 
2} 200P 134 j1920°° | --- | 29.4 | | 57.6 Yes) | | =| | 1 
150P 101 |1923 ere [29.4 | | 46.5 Yes | | =| | 36 
Plant 590 396 250 Sl.4 | | 36 i 96 
2] 759 50 |- | 0 ° ° 
sjelulcls| 180 121 | o| 2 
alalalel3 258 173 a} 0 36 1 
Plant 588 394 36 8} 2 69 | 
102 1) 240 161 | 1926 | 35.3] | 41.3 Yes | | 
2} 240 161 |1928 | 35.3] ---- | 42.6 a | 0.02)|{ Gaskets | | 
3] 100P 67 |1922°° | | 29.4] | 56.3 Yeo! | 2 
Plant $80 389 160 44.2 D - 
| 
540 | clé 360 242 | 1930 250 | 35.3] 36.5 | 38.6 Al Yes o| o 8 | 36 2 
al elulc}s 180 121 | 1928 120 | 35.3] 35.1 | 47.0 A} Yes) yrs 5 o| o| 1 
ee Plant 540 363 270 40.9 B-E | 36 e] 1 72 
| 
246 | 100P 67 |1918 61 | 29.4] 26.8 | o--- Al Wo | 2jo.s3 | 12 
@ 2] 2] 4) 200P 134 | 1922 96 | 29.4) 20.8 | ---- al Wo 10.08 20 | 36 2 
240 161 | 1929 115 | 35.3] 25.2 | | Wo 2jo.16 | 35] 366 10) 1 
Plant 540 362 | 160 35.2 B | 36g 10 1 
160 | 120 | 82 | 38.3] | ance | al No | 2] 0.2 | one 
Plant | 540 363 220 | | 366 6; 1 82 
101 |1919 wwe | | 4208 | al Yee o| ene | coe 
150P 101 | 1923 | 2064] | 50.5 | Al Yes! | | | | 366) 12] 1 
a = Plent 540 363 185 52.8 366} 12] 2 76 | 
| 
250 168 }1916 140 | 74.1] 61.7 | 75.3 al Yes o| 3} 2 
Plant 500 366 280 | 73.7 3] 1 65 | 
2] 120 61 |} 1925 55 | 35.3} @4.0 | 31.7 | A| Yes 40 | $62 
slalulcle 240 161 | 1929 152 | 35.3] 33.3 | 47.1. | A| Yes 1] 0.1 | 20] 362} 10] 1 | 
Plant 480 323 352 | 37.9 362 9} 2 46 
424] 240 161 | 1929 155 | 35.3] 34.0 | 42.3 al Wo { ase } 
| 2) 2|mici4 240 | 161 | 1929 155 | 35.3] 34.0 | 40.9 a| Mo ° } 386 
| Plant 480 sez | 190 B 2} 1 62 
695 | 165 111 | 1932 105 | 35.6] 33.7 | a| Yoo 0 Nor 
165 | 2121 | 1932 108 | 35.6] 35.7 | === | A| Yes Nor | | 
120 | 81] 1932 72 | 35.3] 31.4 | Yes 0 | | } 
Phant | 303 | 170 47.6 A 48 
33s | 2 -l4] 250 168 1924 | 147 | 74.1] 64.8 | 34.9 A} Wo 0 | 
2) alalel4 180 121 | 1920 115 | 73.0] 69.4 | 44.8 A| Wo 15-0 © | | | 
Plant 430 | | 147 3741 A --- 
rj2iuicis 230 | 61 | 1928 150 | 35.3] 32.9 | ---- a| Wo | 4] | 
2) 100P 67 | 1920 60 | 29.4] 26.4 | A | No 60-0 ol ° 8 | 366) 6] 1 
soP 34 | 1925 | 29.4] | | A| Wo ° | | 366} 6] 2 
is Plant 390 262 | 225 54.2 A | }366] 1 55 
2] 2] 60 | wenn 35 | 47.7| 33.4 | 23.3 | a| Wo ° 
4] 2) Kagee 54 | | | 34,0] | 34.6 A | No | ° -- | | | 366) 10] 1 
150 | 101} | 80 | 29.4] 23.3 | 29.5 | Wo | | | 566 
Plant | 380 | 255 | 80 29.6 | | 366; 1 22 
105} 150P 101 | 1922 | 29.4] | 54.3 | al Yes! =| | 
slalulcl 2) 100P 67 | 1923 | | 29.4] ---- | 40.9 | Al Yes | | 366) 12] 2 
| Plant | 370 | 249 isc | 45.5 | 366 | 
091 usc | 121 | 1930 100 | 28.3] 29.2 | --- a | Yes | | | 366] 8] 2 
2} 2lulc|s 160 | 121 | 1929 100 | 35.3| 29.2 | --- A| Yes { } | | 366} 6] 21 | 
Plant 360 | 242 120 | B see} 8] i 37 | 
12] 1 
ulcle| seo | 242 | 1929 250 | 35.3| 36.5 | | A | Yeo| B | 672 1 | | 
| | | 
is2] 360 | 242 | 1928 240 | 35.3] 35.0 | 47.0 47.0 | A | | cose ice =| | = [0.08 | 
2) 2} "ici 2 120 81 1926 one B5ed | A | No 00 = 10 | O | | 566 6] 1 } 
180 121 | 1927 | 35.3] | A | No ° O | | 566 3] 2 
Plant 350 236 170 42.6 DeE| 366 8] 1 ay 
187 cle 140 94 1932 110 | 35.3] 41.3 | A | Ko fo. \ Oo 10] 2 
2lalulc|s 210 141 | 1931 | 150 | 35.3] 37.5 | a | Wo o}} {i | 7 10} 1 
21 165 111 | 1917 90 | 72.6] 58.8 | 76.0 a| Wo 105 - 0 o 72 5] 2 | 
2| 4 180 121 | 1920 90 | 73.1] 54.3 | 69.4 A} No ° 0 | |---| 
Plant 345 232 180 7246 BeE a2 | 
857 a ef 180 121 | 1929 | | 35.3] | 47.6 A | No | [see] 10] 2 
al 3 asop | 101 | 1927 | ---.) 29:4] ---- | 32.8 A | Wo -1508- | [366] 10] 2 


PLANT SOMBER 

SYSTEM (SER NOTES 
NUMBER OP CYLINDERS 

RATED B. P. 

EQUIVALENT - 90% 
GENERATING EFFICIENCY 

YEAR ESOINE STARTED TO BORK 
PEAK LOAD DURING REPORT- 
ED PEKIOD GROSS K.¥. 
B.M.E.P. AT RATED B. P. - 
LES. PRR SQ. IB. 

B.M.E.P. AT PEAK LOAD - 
90% GENERAT INO EFFICIENCY 
EUWNING EWOINE CAPACITY 
PACTOR (SEE TEXT) 


RUNNING PLANT CAPACITY 
PACTOR (SEE TEXT) 


PISTON COOLING (SEE NOTES) 


ARE AIR PILTERS USED? 


COST OF REGULAR ENGINE 


TYPE COOLING SYSTEM 
UPKEEP - 
MATERIAL 


(SEB TEXT) 


COST OF REPAIRS FOR 
ENGINE ACCIDENTS - TOTAL 
DOLLARS - MATERIAL - EXTRA LABOR 


7 
OIL AND GAS POWER 
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a 


TOTAL ENGINE REPAIRS IB 
MAJOR ENGINE PARTS 
NUMBER OF ENFORCED ENGINE 


RENEWED DURIWO 
REPORTED PERIOD 


TOTAL DURATION OF ENFORCED 


ENGINE SHUTDOWNS - BOURS 


TOTAL ENGINE MAINTENANCE 
TIME WOT INCLUDING 


NUMBER OF SHIPTS IN PERIOD 


NUMBER OF HOURS PSR SHIFT 


29.6 


8 
é 


3 


Fone 


Parts Only 


Cylinder Head 1 
Parts 1 
Plant 270 26.7 B 4] 1 
120 81 | 1930 wee 88.3 | 66.0 a| Yeo { } } ° o| --- | see} 2 
| | ? 190 81 | 1939 136.8 | ---- | 60.8 a| Yes {e 100} 0.42 Parts --- | se] 2 
Plant 240 162 63.4 DeE see} 8} 1 
$16 ife 120 81 | 1926 eo |ss.3| 21.8] ---- A| Wo { } 
120 61 | 1930 60 |35.3] 21.8| ---- a | {8 ° 0-20 [Geckets Oo} 3 - 
Plant 240 162 100 22.8 
x Injection Nossles Reconditi-} r 
160} 240 162 | 1928 77,6 | 77.2 | 27.7 | 27.7] Yoo! B 8.5} 64 | | 
904] 225 181 | 1926 200 | 77.6 | 102.6] 47.1 | 47.1 | Yes 0 o | 2 
sie} 2sP 17 | 1918 4g 2908 | 1768 | a| to None 
| 25 | 1 20.1 | 21.0 | a | hy 26 0.15 mone ie 
SOP 1920 35 29.4 | 30.35 | Al Wo None = | | | 
1 67 | 19223) | 88 |37.2| 30.6| ---- a| to ° Kone 
Plant 222.5 143 55 cone a 
733 afe ulcl2 100 67 | 1922 | 37.2] 36.0] 67.4 a | wo ° ° 0 | | a? 
50 | 1014 [20.1 | 351.4] 57.2 a | to o | --- | - 
Plant 175 117 1s 62.2 A 
3 366 
| 80 21.8} 13.4 | 13.4] a | wo | ° ° — 


System 


Geavenging (Por 2-Stroke Cycle Only) 
Compression 

Attached Pump or Blower 

B + Independently Driven Blower 


Piston Cooling 
Ao Alr 


Weter 


- b- 
ue 


Lettered Notes 


Rating R 


Semi 


Bxoessive 


lled Fifth oe of Fifth Month 
Sixty Minute Pe 
Installe 


a Day of Ninth Month 
Installed Twenty-fifth Dey of Twelfth Month 
Air Piltered for air Compressore 


riod 
Five Cylinder Heads Broken by Sabotage in 1929 
our Hour Peak 


4 From Previous Report By Operator 


laintenance Time Du 


Diesel 
Part Time 

Includes Total Maintenance Labor 

Hot Including Several Shutdowns Due To Lightning Damage To Generators 
Installed Tenth Day Of Sixth Manth 


Started Before Period Began 


Thirty Minute Peak 
Date Of Original Installation; Installed In This Plant In 


Started Twenty-ninth Day of Second Month 


@ to Extensive Surveys 


1924 
Water Circulating Through 011] Cooler 


ing Water Pailure. Pour Weeks Required To Ship Parte 


co- Date Of Original Installation; Installed Here in 1950 
Installation; Installed Here In 1928 
it Diecarded Thirtieth Day Of Eleventh Month; Third Unit Started On That Date 


Replacement Dut To + an With Steel Heads; Manufacturer Made No Charge Por Replacement 

Horizontal 

High Maintenance Time Due to Experimenting with Main Bearings And Puel Pump 

Construction and Also Due To PulPillment Of Acceptange Conditions 
se 


Made Possible Because Units Were Hot Needed 
Date of Original Installation; Started In This Plant On Piret Day Of Fourth Month 
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| 
cigs 
\8 
E | 
| ve 
ss/ Bir 
1927 30 |36.3 | 26.5 | ---- A | ° 
94 | 1931 90 |35.3 | 
Piand || 390 | 110 37.9 8 
27 1 cj2 50 | 1926 [29.1 | | ale ---- 
2leimic|s 240 161 | 1926 woe 145.0 | | - cecces ease | [ace | a= | < 
Plent 318 ell 28.8 20 
382 al -|4 150 201 | 1087 [00.7 | ---- | 21.9 al Yee ° © | None ° --- 
ain ae 
-A 
Date Of Original Installation; Date Insta 


By C. S. DRAPER! ano A. F. SPILHAUS,? CAMBRIDGE, MASS. 
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Power Supplies for Suction-Driven Gyro- 


scopic Aircraft Instruments 


= 


At the present time gyroscopic instruments constitute mental results check nicely with the predictions of theory.’ 
an essential part of the equipment in any well-equipped Physically this means that a considerable portion of the energy 
airplane. The “turn indicator,” the “artificial horizon,”’ required to keep the gyro wheel in rotation is expended in the 
and the “directional gyro” are three widely used gyro- maintenance of eddies in the air around the wheel. The energy 
scopic aircraft instruments which have reached a very — thus expended will decrease as the air density decreases. — —_ 
satisfactory state of development. However, in order that ° 
proper results may be attained in practise, it is necessary 
that some reliable and sufficient source of suction be pro- 
vided. It is the object of this paper to present a study of 
the various devices used in operating the gyroscopic in- 
struments. 


Arr REQUIREMENTS FOR INSTRUMENTS 


S a preliminary to the problem of suction supply it is neces- 
sary to study the air-consumption requirements of the gyro 
instruments. Figs. 1, 2, and 3 indicate diagrammatically 

the gyro-wheel arrangements in the three instruments. In each 
case the wheel is supported on gimbals within a chamber which Fie. 1 Turn INDICATOR 

is closed except for an air entrance leading to a nozzle and a con- a = 
nection to the intake side of the source of suction. Air flowing 
through the nozzle into the evacuated chamber impinges on the 
wheel and produces the necessary driving torque. 

Fig. 4 shows the experimentally determined relation between 
the pressure difference provided and the rotor speed for the three 
instruments. In a similar manner Fig. 5 indicates the variation 
of air consumption with pressure difference. Table 1 is a sum- 
mary of the conditions for normal operation. 


S “4 


TABLE 


1 NORMAL OPERATING CONDITIONS AT SEA LEVEL 


Pressure dif- Rotor 
ference, inches speed, Air con- 
Instrument of mercury rpm sumption, cfm E 
Turn indicator... . 2 to 2.5 10,000 05 
Artificial horizon......... 3.5 to 4 17,000 
Directional gyro.......... 3.5 to4 12,000 1.0 


Effect of Altitude. It is very interesting to note that for a 
constant pressure difference the curves indicate that the gyro 
wheel experiences an increase in speed with increasing altitude. | CLEEELIETTTTD 
A study of this phase of the problem has shown that the experi- 


1 Member of Staff, Massachusetts Institute of Technology. Mr. | 
Draper attended Missouri University in 1917, received the degree of 
A.B. from Stanford University and the degrees of 8.B. and S.M. from 
the Massachusetts Institute of Technology. He is a commissioned nei 
officer in the Army Air Corps Reserve and holds a pilot’s license from 
the Department of Commerce. Since 1928 he has been a member 
of the staff of the Massachusetts Institute of Technology engaged in 
internal-combustion-engine research and in charge oi aircraft-instru- 
ment work at the Institute since 1930. 

? Graduate Student, Massachusetts Institute of Technology. Mr. 
Spilhaus attended school in England and later the University of Cape 
Town, South Africa, where he received the degree of B.Sc. From 
the Massachusetts Institute of Technology he received the degree of y) : N3 
8.M. in Aeronautical Engineering. Mr. Spilhaus’ work on aircraft a 
instruments was begun at M.I.T. and later continued for the Sperry } 
Gyroscope Co. in Brooklyn, N. Y. 

Contributed by the Aeronautic Division and presented at the , ; 

Metropolitan Section Meeting, New York, N. Y., November 23, — 
1933, of Taz AMERICAN Society OF MECHANICAL ENGINEERS. 

Norge: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. ies 
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Fie. Direcrionat Gyro 


* “Air Suction Methods in Driving of Gyroscopic Instruments for 
Aircraft.” Thesis by A. F. Spilhaus, Mass. Inst. of Tech., 1933. — 
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Rotor Speed , 1000 rpm 


0.5 1.0 1.5 2.0 2.5 3.0 35 40 45 
Pressure Drop Through Instrument, Inches of Mercury 


Fic. 4 Rotor Sreep Vs. Pressure Drop 


+ 
= 
< i. 
° 
3 


2 3 4 5 
Pressure Drop Through Instrument, Inches of Mercury 


Fie. 5 Fiow or Air Vs. Pressure Drop 


Effect of Temperature. The three instruments are required to 
pass an operation test at minus 35 F. At sea level, the lowering 
of the temperature increases the density of the air and slows the 
wheels down slightly. However, as altitude is increased and the 
temperature decreased there is a net loss of density and therefore 
a small gain in rotor speed. 

The only requirement that seems necessary, therefore, is to 
maintain a constant pressure difference for the instruments within 
+ 0.5 in. of mercury, because altitude and temperature changes 
do not have any marked detrimental effect. This conclusion 
applies to the air-driven wheel itself considered as free from the 
effects of bearing friction. 


Power Sources FOR OPERATING INSTRUMENTS 


The source of power for gyro instruments, in order to be satis- 
factory, must have certain characteristics: 


(1) ‘It must be reliable and of reasonable efficiency 
(2) It must handle the required air volume per unit time 
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at the proper pressure difference under all flying condi- 
tions near sea level 
(3) It must fulfil condition (2) at the ceiling of the airplane. 


At present three types of suction supply are in common use for 
gyro instruments: 


(1) Venturi with air introduced at the throat section 
(a) Single venturi for turn indicator 
(6) Double venturi for horizon and directional gyro 


(2) Displacement air pump 


(a) Propeller driven 
(b) Mechanically driven 
(3) Engine carburetor pressure drop. 

In the past, specially constructed venturis have been in almost 
universal use for operating gyro instruments. These venturis 
have the advantage of being simple, reliable, and inexpensive. 
On the other hand, they have certain disadvantages: 


VENTURI 


(1) The suction supplied varies widely with flight condi- 
tions 

(2) The efficiency of the venturi as a power supply is ex- 
ceedingly low 

(3) Ice formation renders the venturi inoperative. 


As long as installations are confined to airplanes with cruising 
speeds of around 100 mph the advantages of a venturi installa- 
tion somewhat outweigh the disadvantages. 


Fic. 6 ARRANGEMENT OF APPARATUS FOR VENTURI TESTS | 


However, for the modern high-speed airplane it becomes im- 
perative that the problem be reconsidered. This section is de- 
voted to a study of the performance of the venturi in this con- 
nection. 

Suction Produced by Venturi. The essentials of the system used 
in the experimental work are indicated in Fig. 6. 

In general, the pressure difference given by a venturi producing 
static suction, that is, with no flow through the line A, may be 
written.‘ 


Ap = K(1/2pv?) 
pressure difference 


mass density 
v relative velocity of the venturi and the air stream 


where Ap = 


4“The Theory of Pitot and Venturi Tubes,” by Earle Bucking- 
ham. National Advisory Committee for Aeronautics, Technical 
Report No. 2. 


290 
26 | 50,0 
ns 

4 ndic | 

Ky | anil 

: 

ye! 

¢ 

— 
— — 

4p 

d 


K = constant (except for second order effects)® 


Variation of Suction With Flow. Experiments made by the - 7 
writers, with venturis drawing air through orifices of different Dw 
areas, have shown that for any particular orifice the suction is 


given by the relation: 


tory for operating a load with other than a very small orifice 
In practise this means that a separate venturi is required 
for the horizon and the directional gyro. The turn indicator 
could be connected in with the directional gyro to even up the 
amount of air drawn in by each venturi (See Table 1). 

Suction Affected by Airplane Speed. 
the suction supplied by the venturi varies as the square of the 
relative air velocity v. This means that, if a venturi is to supply 
sufficient pressure difference at low airplane speeds, it will pro- 
duce large suction values at high speeds. This may result in 


area. 


rapid deterioration of the gyroscopic instruments due to exces- — 


sive rotor speeds. On the other hand, if the suction is : adjusted | 


| 
0 
0.00005 0.0001 0.00015 
Effective Orifice, Area insaft 


e 


Venturi Suction 


Impact Pressure 


7) Variation oF VentuRI Constant WITH ORIFICE AREA 
FOR DouBLE VENTURI 
(From wind-tunnel tests at Mass. Inst. of Tech.) 


to a proper value at high airplane speeds, at low speeds the in- 
struments will not operate satisfactorily. 

Fig. 8 shows the measured suction on a standard installation 
with the venturis mounted on the fuselage, in the slipstream, of 
an airplane with a cruising speed of 160 mph. It is evident that 
within the cruising range the suction supplied to the gyroscopic: 
instruments was far too great. In such an installation some 
form of vacuum regulator certainly should be included in the 
system. 

Suction Affected by Altitude. It is evident from Equation [2] 
that for the same air speed as indicated by a pitot-static meter, 
that is with 1/2pv? constant, the pressure difference will be con- 
stant except for a second order variation with Reynold’s 
number.‘ This means that if a venturi installation gives suf- 
ficient suction at stalling speed near sea level, it will give the 
same value for stalling speed at any altitude. In general, the 
Suction supplied at a given indicated air speed will be the same 
for all altitudes. In other words, the venturi and instrument 
combination will operate satisfactorily at the higher altitudes 
providing the speed, as indicated by the air-speed meter, remains 


° “The Altitude Effect on Air Speed Indicators,’ by M. D. Hersey, 
L. Hunt, and H. D. Eaton. National Advisory Committee for 
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Fig. 7 shows the variation of K, for a standard venturi as the = it 
effective orifice area is changed. The rapid decrease of K, as 
the orifice area is increased shows that the venturi is unsatisfac- 


Equation [2] shows 


10 


= 


~ 


Suction, Inches of Mercury 


40 86160 
Air Speed,mph 


Fic. 8 Venturi Suction at SpeeDs 
(Venturi mounted on side of fuselage and operating an instrument.) 


Fic. 9 ARRANGEMENT OF VENTURIS FOR FLIGHT TEST 


above the speed at which the instruments cease to function at 
sea level. 

Effect of Location and Flight Conditions on Venturi Suction. 
Possible positions of venturi. 


(1) 
(2) 
(3) 
(4) 
(5) 


A series of flight tests were carried out by the writers with the 
cooperation of the Meteorological Department at the Massa- 
chusetts Institute of Technology. The purpose of these tests 
was to study the effect of various flight conditions on venturi 
operation. Two venturi positions were considered, one above the 
front wing spar and a second below the wing directly in line with 
the first. Both positions were well within the slipstream. Fig. 9 
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On strut in slipstream 
Top of wing in slipstream a 
Under wing in slipstream 

Above positions not in slipstream. 
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is a diagram of the experimental arrangement. A moving pic- 
ture camera was used to record instantaneous readings of the 
pressure gages C and D in addition to data supplied by the other 
instrument equipment of the airplane. The information used 
in plotting the curves of Fig. 10 was obtained by examination 
of the moving-picture-film record. Apart from influences of air- 
speed as discussed above, the effect of maneuvers on venturi 
performance may be analyzed into two components, one due to 
the slipstream and a second due to the effective yaw of the ven- 
turi with respect to the relative air velocity. 

Slipstream Effect. The slipstream effect will be considered 
first. In general, the pressure difference supplied by the venturi 
will be: 

Ap’ = K'1/2pv*. 


Where v, is the effective velocity of the air past the venturi. 
In practise ve will be a function not only of slipstream velocity 
but also of local deviations of the air stream past parts of the air- 
plane structure. 
If the indicated velocity of the airplane is v the pressure differ- 
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Note: 
S«/ forall Positions of 
venturi out of Slipstream 
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e Slipstream Velocit 


“Indicated Kir Speed 


ffectiv 
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sf 


4050. ©0 
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Fie. 10 SiipstreaM Errect on VENTURI SucTION 
(Engine kept at constant throttle.) 
al‘ 
ence furnished by a venturi without the slipstream and local 
effects would be: 


Ap = K1/2pv? 


fie 
— The ratio between Ap’ and Ap may be taken as a measure of 


the influence of slipstream and position on venturi operation, that 
is: 


/2Kpo? 


Fig. 10 is a plot of S against indicated air speed for the tests 
mentioned above and from this it is immediately apparent that 
the venturi mounted above the wing profile is much better than 
that mounted below the wing. This result is readily understand- 
able since air passing above the wing will be accelerated to a 
greater extent than the air which flows under the wing. The plot 
also shows the great advantage of a venturi mounted within the 
slipstream, since a pressure ratio of from 5 to 10 is obtained for 
a low speed climb where suction is especially valuable. 

Effect of Yaw. Data taken from the motion-picture record indi- 
cated that slipping or skidding of the airplane has a pronounced 
tendency to reduce the venturi suction. A series of tests on a 
venturi was carried out in the wind tunnel at the Massachusetts 
Institute of Technology. This work showed that the suction 
for practical purposes is independent of yaw up to an angle of 
forty degrees. 

It was found impossible to explain the flight results on the 
basis of the wind-tunnel tests. The authors feel that this diffi- 
culty may be cleared up easily by further flight tests. It is ques- 


tionable, however, if this part of the problem is of sufficient im- 
portance to warrant the effort. ow 


VENTURI 


There remains to be considered the power required for the 
operation of the gyroscopic instruments by means of venturis. 

Wind-tunnel tests showed that venturi drag increases with the 
square of the relative air velocity. This, of course, leads to the 
usual cube-law increase of power consumption with speed. Fig. 11 
shows the power required by the venturi equipment for driving 
various combinations of the gyroscopic instruments as the air- 
plane velocity is varied. The data used in plotting these curves 
are based on the assumption of venturis mounted within the 
slipstream. 

Efficiency. It can be shown for the case of a venturi drawing 
air through a fixed orifice, that efficiency, on a basis of the ratio 
of power output to power required, is substantially independent 
of air velocity under conditions of constant density. This ef- 
ficiency as experimentally determined lies in the range of from 
1 to 2 per cent. 

The considerable amount of power absorbed by a venturi is a 
serious disadvantage, especially for use on high-speed, long-range 
airplanes. For this reason, venturi installations for instrument 
operation should be limited to airplanes cruising at 120 mph or 
less. More efficient equipment is available, but the relatively 


Horsepower Required (i.e.loss due to venturi drag) 
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Fig. 11 Horsepower Requirep Vs. Atr SPEED 


small power loss (less than 2 hp) makes the desirability of added 
complication questionable. 

Ice Formation. During an extended series of flights carried out 
by the Meteorological Department at the Massachusetts Insti- 
tute of Technology, it was found that under certain atmospheric 
conditions the venturi installation was rendered inoperative by 
ice formation. This problem is especially serious as it means 
that often the instruments will not be available when they are 
needed most. 

It is possible to reduce the difficulties due to ice formation by 
mounting the venturis where they may receive heat from the 
engine exhaust. This may be accomplished by placing the ven- 
turis on the exhaust manifold itself or by allowing part of the 
hot gases to flow through the venturi throat. It was found in 
practise, however, that any simple arrangement -for the use of 
exhaust heat did not prevent ice formation under severe condi- 
tions. 


DISPLACEMENT Pump 


The problem of drawing air through a fixed orifice by means of 
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a displacement pump has been studied theoretically. The 
pressure difference maintained by a displacement pump across 
the orifice is given by the formula? 


1 
(aa)*yRT 


Where 
Ap = pressure difference across orifice 

p = atmospheric pressure 


_ aa = effective orifice area 
v = pump displacement per revolution 
revolutions per second 
- T = temperature of atmosphere (absolute) ™ 
R = gas constant for unit mass of gas 
y = exponent of expansion process 


This equation is valid for cases in which (Ap)? is small com- 
pared to p?. 
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Fic. 12 Revation BetrweeN VacuuM AND ALTITUDE FOR Con- 

BTANT-SPEED, PROPELLER-DRIVEN, SINGLE-RECIPROCATING-VANE 

Pump Drivinc DirecTIONAL Gyro AND ARTIFICIAL HoRIzon 

3.5 

Experiment showed 
that this equation repre- 

sents very closely the ac- 3.0 
tual behavior of a pump- 
orifice system. In prac- 


tise it was found that 
with y equal to unity a # 
good check was obtained. 220 v 
Physically this means 
that the expansion proc- + ) 
ess was almost isother- 1.5 
mal. This is the result 
to be expected in the case Sf ew 
of a well-cooled pump 1.0 an 
and exposed copper-tube “i 
connections. | 

Types of Pumps and 
Pump Drives. The vari- y 
ous types of pumps can 0 J | 


20 40 60 80 100 


be listed as follows: Indicated Air Speed,mph 


(1) Piston pump Fie. 13 Comparative Curves 
(2) Multiplerotat- PROPELLER-DRIVEN, SiInGLE-Re- 
; CIPROCATING-VANE Pump AND Two 
ing vane ec- VENTURIS 
centric 
(3) Single rotating vane 
(4) Single reciprocating vane - 
(5) Gear =| =} 
(6) Roots blower 


The different methods of driving the pumps are: 
(1) Propeller drive 


(2) Electric motor drive 
(3) Engine drive. 


It is not the intention to discuss all the different types of pumps. 
Certain examples only will be considered below. 

The pressure-altitude plot shown in Fig. 12 is a comparison of 
flight test results on a constant-speed, propeller-driven, single 
reciprocating vane pump with corresponding values calculated 
by formula {6]. In this case the pump was operating both an 
artificial horizon and a directional gyro. The theoretically pre- 
dicted curve falls somewhat below the empirical points. This 
discrepancy has been shown to be due to a variation in effective 
orifice area of the instruments caused by the presence of the rotor. 
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Fig. 14. RELATION BETWEEN Pump SucTION AND Rem For MULTI- 
PLE-ROTATING-VANE EccEeNTRIC Pump 
(Sea level and 20,000 ft altitude.) 
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Fig. 15 Between Pump Suction AND ALTITUDE FOR 
Eccentric Pump FoR Two ENGINE 
SPEEDS 


(Pump qpustios on orifice equivalent to directional gyro and artificial 
orizon. Assumed volumetric efficiency = 70 per cent.) 


If this effective orifice variation is taken into account,? a much 
better check is obtained but in the interest of brevity the data 
are omitted here. 

Fig. 13 shows a comparison between the drag of a venturi in- 
stallation and the drag of a propeller-driven pump. These tests 
were carried out in the Massachusetts Institute of Technology 
wind tunnels. It was found that the blade element contributed 
little to the drag. The mounting and the pump housing caused 
the major portion of the resistance at all air speeds above 65 mph. 

Fig. 14 is a plot of the relation between pump suction and 
rpm at sea level and 20,000 ft altitude for a multiple rotating 
vane eccentric pump. A pressure release valve was furnished 
with this pump to limit the pressure to 4 in. of mercury. Fig. 15 
shows the relation between suction and altitude for two engine 
speeds, the pump operating on an orifice equivalent to the direc- 
tional gyro and the artificial horizon. 
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Carsuretor Drop 


One of the essential functions of an aircraft engine is that it 
must pump through itself the air required for combustion of the 
fuel. For any aircraft engine the total volume of air handled per 
unit time is very large compared to the quantity of air flowing 
through the gyroscopic instruments in the same time. 

In general, for an engine with a brake thermal efficiency of 
25 per cent, estimated on the basis of air consumption, and using 
a hydrocarbon fuel, the air requirement is about 1.8 cfm per hp. 
Thus the amount of air that an engine delivering 100 horsepower 
will draw through itself is about 180 cfm. The air flow through a 
complete set of gyroscopic instruments is about 3 cfm. These 


data show that the use of the carburetor drop for gyroscopic in- 
= 
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_ Fie. 16 Carsuretor Drop Vs. AutirupE at Various THROTTLE 


PosITIONs 


strument drive will affect the air flow by less than 2 per cent for 
a 100-hp output and consequently less than 0.5 per cent on a 400- 
hp output. In any case, the air entering the manifold through 
the instruments may be easily compensated for by use of the 
carburetor adjustment. 

In the engine carburetor there is always a certain pressure drop 
through the choke and throttle assembly. A very desirable 
simplification would result if a satisfactory vacuum supply could 
be derived from this carburetor pressure drop. 

In this discussion care has been taken to specifically consider 
pressure drop through the carburetor only. It is obvious that 
Diesel engines and engines using fuel injection with no air throttle 
are not available as sources of vacuum for instrument drive. 

Fig. 16 indicates the results of a flight test made for the pur- 
pose of determining the variation of carburetor drop with throttle 

setting and altitude. Evidently the available vacuum is too low 
at full throttle and much too high with closed throttle for satis- 


factory instrument operation. Under cruising conditions the 
pressure difference is somewhat higher than the normal value for 
the gyros. 

The data outlined indicate that a connection to the 
intake system just above the throttle will serve as an excellent 
source of vacuum under cruising conditions. However, the high 
pressure-drop existing at closed throttle makes it imperative that 
some sort of pressure regulating valve be included in the system as 
a protection for the instruments. Such an installation is inexpen- 
sive and reliable but has the serious disadvantage of becoming in- 
operative as the engine reaches its maximum output. This fea- 
ture would eliminate the scheme from consideration for airplanes 
which must make long flights at full throttle. However, under 
conditions which require full throttle operation for short periods 
only, the momentum of the gyro wheels will keep the instruments 
in operation during the low-vacuum intervals. 


CONCLUSION 


There remain to be considered briefly the relative merits of the 
three sources of suction for gyro-instrument operation. 

In point of satisfactory operation over the entire range of flight 
conditions, a suitable displacement pump is undoubtedly superior 
to either the venturi or the carburetor drop arrangements. It 
seems reasonable, therefore, to expect that the final solution of the 
instrument drive problem will be some form of displacement 
pump. 

From the standpoint of installation, the venturi, the propeller- 
driven pump, and the manifold vacuum-control valve present 
about equal advantages. The engine-driven pump may be dif- 
ficult to install properly on an engine not specially fitted for the 
purpose. 

Considering the matter of efficiency, the venturi is undoubtedly 
the least desirable of the three vacuum sources. 

In the case of a manifold connection the useful work obtained 
in driving the gyroscope rotors does not reduce the output from 
the aircraft engine. Consequently the overall efficiency may 
be considered as infinitely great. 

No data on the power requirements of engine-driven pumps 
were available so that no numerical estimate of efficiency for this 
system is given here. It seems certain, however, that the power 
absorbed by a displacement pump will be negligible compared 
to the output of the modern airplane engine. 
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Stainless 


The characteristics of a new material, commonly known 
as stainless steel, are considered, with facts and conclu- 
sions concerning its adaptability and suitability for use 
in aircraft construction. The type of steel discussed is 
called 18-8, by the proportions of chromium and nickel 
used. This material is selected because it is austenitic in 
character and is more readily procurable than some of its 
kindred alloys. The strength-to-weight ratios of 18-8 
stainless steel are first considered in relation to comparable 
values from aluminum alloy, which is the most widely 
used metal in aircraft structures. This comparison is 
made using four criteria as representing the value of a 
material for structural uses. These criteria are (1) tensile 
strength, (2) the strength of columns, (3) the strength of 
members in bending, and (4) the deflection or stiffness 
characteristics. In this connection the finishes which are 
necessarily employed on aluminum alloy as corrosion 
preventives are charged against that material. 


HE arrival of a new material in the construction of air- 

craft has been attended by considerable discussion regard- 

ing its merits as a structural material and its acceptability 
with respect to manufacturing costs. The characteristics of this 
material will be considered in this paper with the view of present- 
ing such facts and conclusions as are available to permit an opin- 
ion to be formed as to its adaptability and suitability for use in 
aircraft construction. The discussion is a report of the develop- 
ment which has taken place up to this time and is only intended 
to represent a study of the art in its present condition. The 
material under consideration is the corrosion-resistant chrome- 
nickel alloy commonly known as stainless steel. There are 
many types of chrome and chrome-nickel irons and steels pro- 
duced for a wide variety of purposes, many of the uses being of 
a highly technical and specialized nature. The particular grade 
chosen for aircraft work is known as 18-8, in reference to the 
proportions of the principal alloying constituents, chromium and 
nickel, used in its manufacture. This material is selected for 
the following reasons: It is the most common of the stainless 
steels, is most easily handled in its processing, and is therefore 
produced in larger tonnages and is available from a number of 
reliable sources of supply. It may be hard-rolled to a very high 
tensile strength. It is austenitic and non-magnetic, which prop- 
erties make it a satisfactory material for use in and around pilot’s 
cockpits because of its neutral effect on navigating and electrical 
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Steel 1 in Aircraft Construction 


By FREDRIC FLADER,' BUFFALO, 


Na 


instruments. It is satisfactorily corrosion-resistant for aircraft 
work without painting. This quality is of particular value in 
flying-boat and seaplane hulls because of their continual contact 
with salt water. 

An examination of the strength-weight ratios of 18-8 stainless 
steel will first be considered in relation to comparable values for 
other materials that are most widely used in aircraft structures at 
the present time. Four criteria are considered as representing 
the value of a material for structural uses. These criteria are 
(1) tensile strength, (2) the strength of columns, (3) the strength 
of members in bending, and (4) the deflection or stiffness charac- 
teristics. In this connection the weight of the finishes which 
are necessarily employed on aluminum alloy as corrosion pre- 
ventives is charged against that material. It is considered that 
the use of paint on stainless steel is unnecessary except for external 
color requirements. 

Fig. 1 shows a representative stress-strain curve taken from a 
specimen of hard-rolled 18-8 stainless-steel sheet material. Un- 
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Fic. 1 REPRESENTATIVE STRESS-STRAIN CURVE OF HarpD-ROLLED 


18-8 STAINLESS-STEEL MATERIAL 
(Ultimate tensile strength, 190,000 lb per sq in.) 


like ordinary steel, this material does not have a definite yield 
point. The limit of proportionality is rather low, after which the 
material yields along a uniform curve of decreasing slope. In de- 
fining a yield point for a material of this character it is necessary 
to select a point at which the stress-strain curve has deviated a 
definite amount from the straight line of Hooke’s law. The 
amount of this deflection is somewhat arbitrary, but not entirely 
so. An attempt is made to define a value for the yield point so 
that when structures are designed using this value, the design 
load will be sustained without a permanent set of any of the mem- 
bers of the structure. A definition of such a value is taken at 
that unit stress under which the test specimen shows an exten- 
sion of 0.002 in. per inch in excess of that which will be computed 
from Young’s modulus of elasticity and the formula: 


Unit stresses = Young’s modulus X Unit deformation 


From reliable test data a minimum yield point of 140,000 lb 
per sq in. is obtainable from 18-8 hard-rolled material. This 
value may be used in design work and is believed sufficiently 
conservative to take care of material variations and an allow- 
ance for discrepancies between test results and actual failing 
stresses in built-up structures. 

Fig. 2 indicates the cost in weight due to paint. Curve 1 
shows the relation between the weights of painted and unpainted 
aluminum-alloy surfaces. Some 25 to 30 per cent is added to 
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Two beam sections, one of 
aluminum alloy 1 ft long and one 
of stainless steel 20 in. long, were 
made and tested in compression. 
Both specimens were of similar 
design and were made to repre- 
sent sections of a beam for the 
same airplane. 


The aluminum- 


alloy member weighed 0.57 Ib 
per ft and sustained a unit stress 
of 40,500 lb per sq in, in compres- 


The stainless-steel section 


The 
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Fie. 2 CoMPARISON OF TENSILE STRENGTH OF PAINTED ALUM'NUM ALLOY WITH UNPAINTED STAIN- 


(Tensile strength of aluminum alloy, 55,000 lb per sq in.; tensile strength of stainless steel, 175,000 lb per sq in.) 


Weight of Stainless- Stee! 


and 


LESS STEEL 


the weight of the gages of sheet usuaily employed on skin- 
covered structures such as monocoque fuselages and tail surfaces. 
Curves 2 and 3 show the relationships between painted alumi- 


num alloy and stainless steel. 


The foregoing data indicate 


clearly that a saving in weight is possible when using stainless 


steel in so far as tensile strength 
may be used as a criterion of 
structural efficiency. 

In Table 1 are computed some 
values of the factor e defined by 
the formula given with the table. 

This factor shows the relative 
strength of various sizes of 
aluminum-alloy tubes compared 
to stainless-steel members of the 
same weight when tested as col- 
umns. L/p values vary sufii- 
ciently to cover both the straight 
line and Euler ranges for the 
aluminum-alloy tubes. The 
variation of strength of stainless- 
steel columns is not clearly de- 
fined by either a straight line 
or a Euler relationship. The 
factor e indicates a definite ad- 
vantage in the use of stainless 
steel in short columns up to an 
L/p of about 50. Above this 
value stainless steel is inferior to 
aluminum alloy. 


Weight of Aluminum-~Alloy Unpainted 


weighed 1.098 Ib per ft and held 
a unit stress of 128,000 Ib per 
The factor e (see Table 
1) computed from these tests 
based on equal weight is 1.21, 
indicating approximately a 20 
per cent advantage in favor of 
stainless steel, even though this 
specimen was the longer one. 
Beam members of similar de- 
sign tothe compression specimens 
previously described but of longer 
lengths were made and tested in 


aluminum-alloy 


bending. 
beam is an efficient design as 
evidenced by the development 


of 47,700 lb per sq in. stress in 


bending. 


Owing to a shear fail- 


ure experienced in the stainless- 


steel beam test, no ultimate bend- 
ing stress was obtained. 


The 


ratios of actual deflection to calculated deflections in the two 
beams were almost the same (about 0.90), which indicates that 
the same load would have been held by the stainless-steel beam 
that was sustained by the aluminum-alloy beam had not the 


shear failure occurred first. 


Painted 
surface 
Area Weight per 100 
Size aluminum- of pe in. 
alloy tube tube 100 in. length 
1/2 0.035 0.05113 0.51 1.09 
1 0.049 0.1464 1.47 2.18 
11/2 0.065 0.293 2.93 3.27 
2 0.095 . 568 5.68 4.36 
1/, 0.035 0.05113 0.51 1.09 
2 0.095 . 568 5.68 4.36 
if, 0.035 0.05113 0.51 1.09 
2 0.095 0.5685 5.68 4.36 
Nores: 
Weight of painted surfaces: 
1 coat aluminum bitumastic paint (inside) 
Tota 
Pp x /A stee 


P7A dural X 2.83 


Wp = weight of aluminum alloy painted 
W = weight of aluminum alloy unpainted 
= weight of stainless steel 


2.83 = 


rE 


Euler P/A = 


This is simply because the weight ratio of 


stainless steel to aluminum alloy is 2.83, while the ratio of their 
moduli of elasticity, which is the governing factor in long col- 


umns, is only 2.48. 


TABLE 1 
Weight 
per 100 
in. 
painted 
tube 


P/A aluminum 


alloy 


L/p = 10 


L/p = 650 
L/p = 100 


ratio weight of —- steel to weight of aluminum alloy 
4 

Straight line P/A = 48,000 — —= X L/p 
Ve 
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Data on the strength of stainless- 


P/A stainless 

steel e 
44,000 1.360 
44,000 1.35: 
44.000 ¢ 152,000 1'390 
44.000 1.288 
28,000 1.070 
28,000 78,000 1-013 
10/330 0.97 
10/37 25,500 9921 


0.025 lb per sq ft 


0.007 lb per sq ft 
0.040 lb per sq ft : 
0.072 lb per sq ft 


pe 


steel beams in bending and in combined bending and compression 
are too meager to be of value in drawing any definite conclusions. 
Within the near future, however, a rather systematic series of 
tests along this line will be completed. 
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Data which have been obtained at the present point in the re- 
search program, while not fully conclusive, do indicate that a 
saving in structural weight of 10 to 15 per cent is possible when 
using stainless steel except in long columns. Owing to the 
slightly lower modulus of elasticity of stainless steel—26,000,000 
as compared with 29,000,000 for other steels—structures made 
from stainless steel may be expected to deflect about 11 per cent 
more than equivalent members of chrome-molybdenum steel or 
aluminum alloy. Recent research has indicated that by special 
processing it will be possible to improve the modulus of elasticity 
and to raise the limit of proportionality of stainless steel. From 
information gained, it appears that the structural characteristics 
may be improved as more is learned about the material. 

The remaining factor to be considered by the designing engi- 
neer is the matter of making joints and fastenings. Practically 
we are confined to riveting and bolting or welding. A riveted or 
bolted-up structure of stainless steel, aside from the cost of the 
rivets and bolts and their insertion, would be very expensive 
because of the difficulty in drilling holes. Acetylene welding and 
electric-arc welding are as a general rule not suited for use in 
fabricating joints which are strong and resistant to vibrations, 
because of their detrimental effects on the structure of the mate- 
rial. Electric-resistance welding of stainless steel is now an estab- 
lished and a reliable process. 

A brief discussion of the physical characteristics of 18-8 stain- 
less steel and the adaptation of electric spot welding to its peculi- 
arities will be given. This alloy is normally austenitic, which 
means that the carbon content of the material is dissolved in the 
iron somewhat as salt may be in solution in water. The main- 
tenance of this condition is necessary for the material to have its 
normal physical properties and to be resistant to fatigue and 
corrosive attack. 

Microscopic examination of a sample of austenitic metal 
shows that its structure consists of rather uniform crystals of 
rectangular section and that they are bounded by sharp, well- 
defined lines. When the carbon in this metal is merely mixed 
with the iron and is not in solution, the alloy is said to be non- 
austenitic. In this condition the crystals are somewhat separated 
by rather blurred and indistinct lines wider than in the austenitic 
metal. The material between the crystals is supposed to be 
carbon which has separated from the iron. This change in the 
character of the material gives rise to the term ‘‘carbide precipi- 
tation,’”’ analogous to the crystallization of salt from a salt-water 
solution. Apparently this change from an austenitic to a non- 
austenitic material takes place when the metal is heated to a 
temperature between 950 F and 1550 F and is held at this tem- 
perature for a sufficient length of time. 

At about 950 F the carbon is completely dissolved in the iron. 
Upon raising the temperature, carbon begins to precipitate. 
This precipitation takes place at an increasing rate until a tem- 
perature of 1200 F is reached. Above 1200 F the rate of carbide 
precipitation becomes less, until at 1550 F it stops entirely. If 
the temperature is carried on up above 1550 F, the carbon gradu- 
ally goes back into solution and the alloy returns to its normally 
austenitic condition. If the metal, once more in its most desirable 
state, can be cooled sufficiently rapidly, it will pass through the 
critical temperature range just described without carbon leaving 
the solution again. This quality is of very great importance in 
selecting a method of welding the material. 

Acetylene or arc welding, as all know, is a process of fusing two 
pieces of metal at the points where they are to be joined in such 
& way that the metal is melted and caused to flow together. 

During these processes a considerable mass of material is melted 
and cooled rather slowly. During this cooling an ideal condition 
is produced for carbide precipitation to take place. Electric 
spot welding is a more desirable method, since only suffcient 
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metal is melted to form the spot. Under ideal conditions a weld 
is made by pressing the two or more pieces of metal together and 
at the proper time allowing just sufficient current to pass between 
the electrodes to bring the metal to the fusing point. At this 
instant the pressure applied causes the fused metal to flow to- 
gether, thus forming a homogeneous and firm bond between the 
plates. Because of the small amount of metal which has been 
melted and also because of the fact that the adjacent metal has 
not been heated, the molten spot cools very rapidly, so that the 
carbide precipitation does not have a chance to form. 

To obtain welds of suitable quality and reliability for air- 
craft production it is necessary to make use of equipment some- 
what more advanced in its development than the average power- 
driven spot welder used in commercial work. In spot welding 
there are three main variables: 


1 Pressure of the electrodes on the work n _ 
2 The amount of current : 
3 The time of current application. 


The pressure can be adjusted to the amount required by varying 
an electrode compression spring, which is ordinarily furnished 
with a machine. The current is easily adjusted by changing the 
setting of a control, which also comes with the welding machine. 
The timing control is more difficult and requires a special de- 
vice. It is necessary to make resistance welds in as short a 

High-speed production 


time as possible for several reasons: a ‘ ; 
2 Minimum oxidation or scaling : 
3 Prevention of carbide precipitation, 
warping. 


distortion, and 


As previously explained, carbide precipitation, as well as dis- 
tortion and warping, is held to a minimum when the heat is 
confined to the actual welding area, and this is possible only if 
the welding time is very short. If welded in a short enough time, 
it is theoretically possible to generate the necessary heat at the 
location of the weld, fuse the surfaces together, and allow the heat 
to be conducted rapidly away by the surrounding metal and elec- 
trodes after the weld has been completed without heating the 
outer surface of the sheets to an injurious temperature. It is 
not only necessary to complete the weld in a very short space 
of time, but it is also necessary to synchronize the make and break 
of the weld with points on the alternating cycle curve which pass 
through zero, or at the times when no current is flowing owing to 
a reversal of the cycle. 

The reason for beginning and ending a welding operation at 
times of zero current flow is to avoid arcing when the electrodes 
are making or breaking a contact. The formation of an arc 
is a cause of oxidation and burning of a weld. 

Each cycle of the sine wave representing a 60-cycle current 
takes a time of 0.0167 sec. If it is possible to weld in even cycles 
or half cycles, then the question of timing control is solved both 
as to accuracy of the duration of each weld and the fulfilment 
of the requirement of starting and stopping of a weld at exact 
instants when no current is flowing. 

Actually with suitable equipment it is possible to make welds 
in one-half-cycle increments. Theoretically it is best to use this 
amount of time for all welding and vary the amount of current 
in direct ratio to the thickness of the parts being welded. Practi- 
cally, however, a machine of normal capacity is not large enough 
to supply the needed current for welds on heavier gages, so that 
it is necessary to increase the time, using several cycles, so that 
the total amount of electrical energy dissipated at the weld is 
approximately the same as would be the case with the shorter 
welding time and more current. 

The most satisfactory device for controlling the application of 
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A ir. oer He only needs to know the 
A A A A A A \ \ \ A strength per spot for each gage 

of material. The strength of a 
spot varies in a fairly definite 

8 relation with the thickness of 
being welded. In stainless-steel 
sheet-metal construction equiva- 
lent to thin aluminum alloy 
such as wing and _tail-surface 
covering material, the strength 
of a spot weld is about double 


Cc 
AVAV AVA AYAY AVAY AVA AVAV AVAV AVAV that of the most efficient size 


rivet in aluminum alloy. This 


D advantage gradually diminishes 
Vv strengths of welds and rivets are 


comparable. 


> MANUFACTURING Costs 


It is not possible with avail- 
able data to present any accurate 
figures to show the difference 

7 between the costs of aluminum- 

= alloy and stainless-steel construc- 

E tion. However, it is possible to 

make some comparisons between 
the various processes involved so 
that a fairly definite conclusion 
may be drawn as to the relative 
merits of the two methods. 

Normal forming and cutting 
operations are much more diffi- 
cult and costly on stainless steel 
than on other commonly used 
materials. For this reason such 
operations are simplified and 
avoided as far as possible in 
designing stainless-steel aircraft 
parts. For the most part, shapes 

Fig. 3. WeELpInG Periops IN TeRMs oF CYCLES OF CURRENT are made by a drawing process 
(Oscillograms illustrating range of control to be obtained with G.-E. CR7503-B2 thyratron-tube control for resis- producing simple forms, but 


tance-welding machines. A, 2 cycles on, 1 cycle off; B, 1 cycle on, 2 cycles off; C, 3 cycles on, 2 cycles off; D, : ; imatales 
4 cycles on, 1 cycle off; E, 9 cycles on, 19 cycles off: F, 13 cycles on, 2 cycles off; G, 97 cycles on, 7 cycles off.) conforming to known principles 


current to a weld at the proper instant, definitely measuring a 
predetermined time in even cycles of current, and stopping the 
weld at the proper time, is an electrical rectifier known as the 
thyratron contactor. The figures and microphotographs illus- 
trate some of the results obtained with a device of this kind ap- 
plied to a spot-welding machine as the time-control medium. 
Fig. 3 illustrates welding periods in terms of cycles of current. 
The symmetry and uniformity of these records show clearly the 
accuracy of control. Fig. 4 shows the results obtained by using 
long and short periods of dwell. The center spots were welded 
with 60 cycles or 1 sec time. A zone around these welds has 
been heated to the critical temperature at which carbide precipi- 
tates, so that these are not good welds. At the top of the photo- 
graph are three welds made with 12 cycles. These welds are 
more uniform in quality and appearance due to the more rapid 
heating and cooling periods. At the lower left side of the picture 
are four welds made in 1 cycleeach. These welds are of excellent 
quality, without carbide precipitation or discoloration of the 
metal. Fig. 5 is a section of one of these welds magnified 500 
diam. The excellence of the grain structure is noteworthy. 
When using electric spot welding, the designer does not need = 4 Weupinc Resutts Ostainep By Ustna Lona AND SHort 

to think in terms of rivet-shearing strength and bearing area. Preriops oF DwELL : 
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for their structural efficiency. TABLE 2 COMPARISON OF RIVETING AND SPOT-WELDING COSTS 


Because of the high density of 4 7 Drilling Inserting Man-hr Man-hr Ratio of | 
(holes and per for four cost of 
the material (the same as ordi- =—- . per heading rivet Cost Spot spot welds Cost rivets 
i minute (rivets per drilling, per welds equivalent offour an 
nary steels) it is necessary to use one minute inserting, inch, per to one spots, cost 
it in thin gages in order to build Operation man) two men) and heading cents minute _ rivet cents of spots — 
Fastening bottom sheet on boat hull 0.915 1.074 0.0493 4.93 40 0.00166 0.166 29.7 
structures of comparable weights Fastenings on truss type wing beam 0.958 0.646 0.0694 6.94 10 0.00664 0.664 10.5 
Fastening skin on monocoque fuselage 0.850 1.33¢ 0.0446 4.46 40 0.00166 0.166 26.8 


to wood and aluminum alloy. 


sheet inherently lacks 4 4/\ rivets. 


A thin 
stiffness normal to its own plane. P 
For this reason it is considered 


'/e rivets 


necessary in order to take full 

advantage of this metal as a structural material to resort in 
general to the principle of using frequent stiffeners in such a man- 
ner as to keep the flat-sheet element widths down to low values, 
and further to make use of frequent supports along the lengths of 
the members to keep the column lengths down to low values. 

Owing to this method of design with additional formers and 
stiffeners, it is believed that probably four times the number of 
spots will be used compared with rivets in aluminum-alloy con- 
struction. The cost of drilling, inserting, and heading operations 
on aluminum-alloy rivets has been compiled from actual time 
records for the three operations shown in Table 2. A comparison 
of the cost of spot welding is made based on the rate of speed in 
welding which has been obtained in work of a similar nature to 
that which employs the rivets. 

This comparison indicates a great advantage in favor of spot 
welding considering only the present application of the method. 
The possibilities of spot welding may be more fully realized by 
considering what may be done using production methods. It is 
within the realm of possibility to produce 75 ft of linear welding 
per minute, making four spots per inch, which amounts to 3600 
spots per minute. At such a speed it would of course be neces- 
sary to properly feed and guide the work through the machines. 
This is and will be accomplished to an increasing degree of ef- 
ficiency by indexing and feeding devices operated in synchro- 
nism with the welding operation. 

Figures compiled from the parts lists of a large airplane which 
has recently been produced in limited quantities show that 142,- 
This corresponds to a 
Assum- 


000 rivets were used in each airplane. 
cost of $6390 at 4'/. cents per rivet, including overhead. 


+ Approximately 70 per cent are */\«s rivets and 30 per cent '/, rivets. 


ing that 568,000 spot welds would be used in this same machine | 


in stainless steel, the cost of welding would be only $471.44, 
taking the average of the figures given in Table 2. The saving 
per plane would be $5918, or in this instance a total of $147,950 
on a production of 25 planes. 

Stocking and handling costs of stainless-steel material are 
much less than these costs of aluminum alloy. In many cases it 
is necessary to store aluminum-alloy sheets between alternate 
pieces of oiled or waxed paper to avoid scratches when sheets are 
pulled from the racks. It is also necessary to take care to pre- 
vent abrasion and scratching of the metal while in process of 
fabrication, and the use of sharp marking tools is prohibited. 
This care of aluminum alloy is important because abrasion of the 
mill surface provides places for corrosion to set in, particularly on 
parts which are to be used near salt water. The same care is 
not required when using stainless steel, since this material is 
much harder and less susceptible to damage of this kind. An- 
other important point is the difficulty of distinguishing between 
annealed and heat-treated aluminum alloy. One instance has re- 
cently been experienced of a very costly mistake in which improp- 
erly heat-treated rivets were in some way used in production. 
The visual differentiation between annealed and high-strength 
stainless steel is pronounced enough to avoid confusion, as an- 
nealed stock may be purchased with a dull pickled finish, whereas 
hard-rolled material is bright. 

The physical properties of 18-8 steel are derived from cold 
working, and it does not respond to any sort of heat treatment 
except normalizing. Therefore this phase of manufacturing when 
using this metal is eliminated except for such normalizing as is 
considered to be necessary. 

In the author’s experience a 
very costly item in aluminum- 
alloy construction has been the 
rejections and reworking made 
necessary by wrongly drilled 
holes, elongated holes, and bad 
rivets. The use of stainless 
steel and the spot-welding proc- 
ess obviates these difficulties to 
a large extent as no holes are 
required and a lesser degree of 
care is required in spacing the 
welds than is the case with 
rivets. 

Next in importance to the 
saving effected by replacing the 
riveting process by welding is 
the practical elimination of the 
elaborate finishing operations 
on aluminum alloy and other 
steel construction. Anodizing 
at approximately 25 cents per 
square foot and sand blasting 
and painting at approximately 
20 cents per square foot are 
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almost entirely eliminated when using the stainless steel. costs are the use of electric resistance welding and the reduction 
Summarizing the probable advantages of stainless-steel con- of costly finishing processes. From the operation standpoint 
struction from the airplane manufacturer’s viewpoint, the method the foregoing considerations lead to greater operating economy 
should yield lighter structures for equal strength and should ma- through increased pay loads and reduced maintenance costs, par- 
terially reduce construction costs. The outstanding factors in ticularly the item of continually renewing protective coatings. 
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The economic advantages of the large airship as a long- 
distance carrier depend to a great extent upon its useful- 
load capacity, its speed and its cruising radius. Improve- 
ment in design or in auxiliary equipment, therefore, which 
will increase materially any or all of these three factors, is 
of prime importance. 

This paper touches on the fundamentals underlying the 
carrying capacity of lighter-than-air craft and points out 
possible changes in construction, means of ballasting, 
power-plant equipment, and fuel characteristics whereby 
substantial economic and operating advantages may be 
effected in future designs. 


ARGE airships are seeking recognition as long-distance, 
rather than short-distance, carriers and propose to operate 
principally on over-water routes. Any improvement in 
performance of useful load carried or of maximum speed attainable 
is certain to enhance the economic advantages of the airship. 
Up to the present, airship development has not been benefited, 
as airplane development has, by the competitive effort involved 
in the construction of many units representing a variety of types. 
Airship development more closely parallels steamship history. 
Single units are costly and require time to design and build. 
But the increasing potentialities of airships as a medium of trans- 
port are gradually being unfolded through experience, and it is 
realized that the sizes and performance of our present airships 
will not adequately meet the requirements of the future. Tech- 
nical progress is so rapid that a design is found to be inadequate 
almost before an airship can be built from it. 


EFFECT OF SIZE AND WEIGHT ON SPEED AND LiFtT 


‘fn direct method of improving airship performance would be 
to build larger airships, since with increase in size it would be 
possible to increase the speed and cruising range and otherwise 
to effect improvements that would be of great benefit. It is 
noteworthy and is a significant index of the strides that have 
been made and are being made in airship development that each 
of the six large airships built (and they are the only ones built 
in the whole world) in the last twelve years has, on completion, 
been found inadequate, principally on account of size. 

For large rigid airships of conventional design, built to present- 
day standards as to strength criteria (which incidentally are more 
severe than in 1922 and correspondingly increase structural 
weights), the dead weight will amount to from 55 to 60 per cent 
of the gross lift when filled at sea level with helium. This leaves 
from 45 to 40 per cent as useful lift, which must include the crew 
and their effects, ballast, fuel, passengers, and mail, and such other 
loads as are to be carried. These percentages are unlikely to 
change very much through minor changes in materials and minor 
variations in types of structural members and their arrangement. 
If hydrogen were used instead of helium, these percentages would 
become about 48 to 53 per cent for dead weight and 52 to 47 per 
cent for useful lift. 


1Commander, U.S. N., Construction Corps; Bureau of Aero- 
nautics, Navy Dept., Washington, D. C. 

Contributed by the Aeronautic Division and presented at the 
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Improving Airship Performance 
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If the attempt is made to increase the speed of a large airship 
from the present maximum of from 80 to 85 statute miles per 
hour to, say, 100 mph, additional weight will be required not only 
in the power plant but in the general structure as well. Aero- 
dynamic forces increase rapidly as maximum speed increases. 

Attempts to gain increased speed without sacrifice in the ratio 
of useful to gross lift brings up anew the possibility of obtaining 
the added strength required for the higher speed by superposing 
some of the principles of a pressure airship upon the conventional 
type of rigid airship, commonly thought of as being a “‘pressure- 
less” airship. The result would be a composite type of construc- 
tion which might have a thin metal covering. This covering, if 
placed under tension by interior pressure, would be made to func- 
tion in a definite manner as a strength member. Such a com- 
posite type of construction would probably show a weight ad- 
vantage for large airships only, i.e., for airships with air displace- 
ments of more than 8,000,000 cu ft. 

From questions that are frequently asked, it appears that there 
exist a great many misconceptions as to airship performance be- 
cause of failure to understand the fundamental physical laws upon 
which the performance depends. ‘There is generaliy much specu- 
lation about the altitude attainable by an airship, sometimes 
spoken of as the airship’s “ceiling.’”” An airship does not have a 
“ceiling” in the same sense that an airplane does. The altitude 
attainable by an airship varies with the loading, and the “ceiling” 
of a fully loaded airship is close to zero. It is customary to assign 
an arbitrary rating on lift that is about 95 per cent of the total 
lift under average conditions. This allows a margin for seasonal 
variations in lift, impurity of the lifting gas, and other variables, 
and at the same time allows the airship the possibility of attaining 
a flying altitude of about 1800 ft before her gas containers become 
100 per cent full (pressure height). 

The maximum static altitude an airship may attain is that 
point in the atmosphere where the air density bears the same 
ratio to the air density at sea level as the dead weight bears to 
the total lift of the airship at sea level. If the dead weight of an 
airship is 55 per cent of its total lift, it cannot rise statically 
beyond the point where the atmosphere is 55 per cent as dense 
as it is at sea level. This point happens to be around 16,000 ft. 
If the same airship should be filled with hydrogen (instead of 
helium) its dead weight might be only 50 per cent of the total lift 
and it could then rise higher, say, to 19,000 ft. 


He.ium Vs. HyprRoGEN 


Any discussion of airship performance must include the effect 
of using helium instead of hydrogen. In practise, the use of 
helium instead of hydrogen to inflate an airship reduces the initial 
total lift by as much as from 10 to 15 per cent, and reduces the 
cruising range by perhaps from 30 to 40 per cent. This is a 
serious handicap to the helium airship and can be justified only 
by the absolute safety from fire hazard that is expected with he- 
lium. There is no hazard from the helium itself, of course, but so 
long as gasoline fuel is used, the existence of a fire hazard cannot 
be denied, although it is not very great and extra precautions are 
taken against it. 

So far as is known, helium exists in large quantities only in the 
United States. At one time it was very expensive, but with im- 
proved processes and greater quantities of production, the price 
has been lowered remarkably, so that at present using helium 
involves questions of distribution and storage rather than of pro- 
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duction costs. It is expensive to transport helium, and steel con- 
tainers for storing the gas under pressure are also expensive. 
But even considering these expenses and the additional one of 
occasionally repurifying the helium, it can be shown that the 
use of helium year in and year out is not more expensive than 
operation with hydrogen. Care is taken not to waste helium not 
so much because of the desire to preserve a valuable commodity 
as to avoid the difficulty of replenishing the supply at some remote 
point. 


EQUILIBRIUM BETWEEN WEIGHT AND BUOYANCY - 


In flight, an airship takes care of minor and even substantial 
variations in equilibrium through the use of her elevators. It is 
desirable, however, especially where the lifting gas should be con- 
served, to enable the airship to maintain throughout the flight 
a reasonable balance between weight and buoyancy. The means 
adopted for this purpose in helium-filled American airships is an 
air-cooled condenser for recovering moisture from the engine 
exhaust. The use of this so-called “‘water-recovery apparatus”’ 
has involved many problems, notably those induced by the high 
temperature and corrosive nature of the exhaust products. Al- 
though the apparatus now in use functions, it is heavy and not 
sufficiently durable. If airship performance is to improve, some 
more satisfactory solution to the problem of maintaining equi- 
librium must be found. Airships are the only known agency that 
considers the exhaust products from an internal-combustion en- 
gine worth saving. Every other agency tries to get rid of them 
as promptly as possible. 

The essential results of burning ordinary gasoline in an internal- 
combustion engine can be written as a word equation: Gasoline 
+ air = carbon monoxide + carbon dioxide + water. The 
water will be approximately 1.4 times, and the carbon dioxide 
nearly 4.0 times, the weight of the original gasoline. This invites 
consideration of the possibility of accumulating weight in flight 
through capturing in some way and retaining a portion of the 
carbon dioxide, but practical means of doing it within permissible 
weight allowances have not yet been discovered. 

Meanwhile, helium-filled airships continue to struggle with 
means for recovering water by condensing moisture from the 
exhaust. The results are influenced by composition of the 
fuel, by paucity of accurate data on thermodynamics of heat 
transfer under like conditions, and by mechanical and corrosion 
problems, as well as by the constant effort to reduce weight to 
a minimum and to avoid any unnecessary drag. Recovery of 
better than 115 per cent is frequently realized and an average of 
from 90 to 100 per cent is usually maintained. 

The problem of insuring that the necessarily large quantity of 
ballast water does not freeze in winter is a serious one and the 
solution now employed of carrying alcohol as an anti-freeze agent 
entails extra weight. 

As illustrating, perhaps by an extreme case, the handicap on 
airship performance imposed by water-recovery apparatus, con- 
sider the case of a 6,500,000-cu ft airship equipped for a maximum 
endurance flight of six days’ duration in freezing temperatures. 
She will be forced to carry a weight of from 18 to 20 tons which 
could otherwise be devoted to useful fuel. This figure is made 
up as follows: 


Water-recovery apparatus proper 
Bags and piping for recovered water 


some other solution to the general problem of gaining weight 
during flight. Rain water can be easily captured if it is available. 
Water pick-up from the sea is another, and a very attractive, idea. 
The earliest water-recovery apparatus was a bucket thrown over 
the side. One of the most promising ideas is to place a quantity 
of cheap, readily available, hydrogen inside a mantle of helium 
and to valve out this hydrogen as the airship burns fuel and hence 
becomes lighter. A variation of this would be to burn some or all 
of the hydrogen instead of throwing it away. Still another solu- 
tion, and a good one, is to use as fuel a gas having a density nearly 
that of air, so that burning fuel causes very little change in 
equilibrium. This type of fuel is now employed by the Graf 
Zeppelin. It is used there primarily because fuel gas having a 
high Btu value per pound is advantageous as a fuel and not espe- 
cially because it avoids the necessity for valving out large quanti- 
ties of lifting gas to maintain equilibrium as flight progresses. 

Another attractive idea for accumulating weight during flight is 
to recover moisture from the air, instead of from exhaust gases, 
and to do this by means of some hygroscopic substance from 
which the moisture can later be extracted by the application of 
heat, so as to allow the complete cycle to be carried out on board 
the airship. Several substances are available for consideration, 
but as yet none has been found that offers a definite solution with- 
in a reasonable weight. 

ENGINE AND POWER-PLANT IMPROVEMENTS 

The most potent effect on the performance of future airships 
will come through improvements in engines, engine installations, 
and general power-plant arrangements. At present these items 
represent about 20 to 25 per cent of the dead weight of the air- 
ship. Existing power-plant weights on airships are abnormally 
high, this being the price paid for reliability and the result of a 
number of circumstances, many of which are in process of being 
improved or corrected. 

Relatively scant attention has been paid to the development of 
engines, propellers, and other power-plant appliances suited to the 
special requirements of airships. This situation seems all the 
more peculiar when it is realized that an airship is really an ex- 
cellent flying laboratory for the general study of engine and pro- 
peller performance. With the exception of high altitude and very 
high speed conditions, an airship is capable of providing all power- 
plant conditions that are essential to an airplane or an airship and 
to do this under conditions that permit almost complete accessi- 
bility for adjustments, minor repairs, taking measurements or 
readings, and soon. Given time and more airships in operation, 
we should accumulate a mass of precise data on power-plant per- 
formance, and with the analysis of these data there should be 
opened up avenues for improvements. 

It is to be hoped that eventually there will become available 
engine units satisfactory as to type and of a size ample to fit the 
requirements of a particular airship design. Airship sizes have 
increased far more rapidly than have the sizes of engines suitable 
for airship purposes. As a result, airship designers have been 
forced to such expedients as gearing two engines to a single pro- 
peller or providing an excessively large number of power-plant 


units. 
Low Speciric Consumption 


But aside from the weight of the engines themselves, low spe- 
cific fuel consumption is of great importance, since the fuel load 


_ is by far the largest single item comprised in useful load and even 
a fractional saving in specific fuel consumption mounts into a siz- 
able figure for long voyages. 
Considering the requirements of long cruising periods and the 
necessity for reversing the direction of propeller thrust, and also 
the desirability of securing thrust in vertical directions, an airship 


Increased fuel consumption, due to increased 
ont drag caused by apparatus. we 


This is a severe penalty and indicates the importance of finding 
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power plant compares more nearly to that of a surface vessel 
than to the rather simple unidirection installations on airplanes. 

There is no fundamental reason why air-cooled engines cannot 
be employed for airshins, especially to give that extra boost in 
power necessary to attain the highest speeds. A combination of 
a small number of air-cooled engines with liquid-cooled engines 
which are used at nearly full power for normal cruising has a 
number of advantages. Their relatively high fuel consumption 
would be an argument against a complete outfit of air-cooled 
engines. Arrangements for reversing and tilting propellers with 
air-cooled engines would be somewhat cumbersome, but might be 
made. An arrangement for mounting air-cooled engines on re- 
tractable brackets has been seriously considered and could be 
made practical. 

Despite very serious efforts and the expenditure of large sums of 
money, there is not in existence today a light-weight, compression- 
ignition, oil-burning engine that is really satisfactory for airship 
purposes, although there are several promising entries in the 
field. Such an engine is desired because of the decreased fire 
hazard which will result from using oil as fuel and the anticipated 
low specific fuel consumption. If a saving over gasoline of 25 
per cent can be realized, it will amount to four or five tons for an 
average flight of 50 hours’ duration. 

Adequate water recovery from exhaust gas appears impracti- 
cable with Diesel fuels because of the somewhat low hydrogen con- 
tent of the fuel and still more because of the large excess of air 
over the theoretical requirements for combustion. When Diesel 
fuels are actually in use, airships will probably have to find some 
new solution to the weight accumulation problem or else be con- 
tent with a rather heavy, low-efficiency water-recovery apparatus 
that yields only from 40 to 60 per cent instead of from 90 to 100 
per cent in recovered weight. 

There has recently been much intensive work done in the de- 
velopment and application of hydrogenated gasolines or so-called 
“safety fuels’ for airship purposes. The use of fuels of this class 
holds promise of great benefit to airships. Successful operation 
with safety fuels appears at the moment to be nearer realization 
than successful operation with Diesel fuels. The most promis- 
ing of the “safety fuels’ from an airship standpoint have a flash 
point of about 130 F and cannot be used with present carburetors. 
They must be injected by means of a pump. Tests made with 
such fuels in existing engines indicate that their use will entail 
no loss in power, but fuel consumption may increase by a few 
per cent. The use of such fuels would result in a considerable 
reduction in the fire hazard which is present when gasoline is used. 
Despite their hydrogen content, these “safety fuels’’ are not well 
adapted to water recovery, but it does appear that they are better 
adapted to water recovery than Diesel oils and that a recovery of 
from 60 to 80 per cent might be realized from them under opti- 
mum conditions. 

The German solution to the airship fuel question is in many 
ways ideal, but it unquestionably entails some increased risk over 
the use of Diesel oils or safety gasolines. This solution is to carry 
at atmospheric pressure a quantity of hydrocarbon gas having a 
density approximately equal to that of air and to burn this gase- 
ous fuel in ordinary engines through the employment of a special 
type carburetor or mixing chamber. A small quantity of benzol- 
gasoline is carried for use under certain conditions. The fuel 
gas serves neither as lifting gas nor as ballast and its consumption 

therefore does not involve much alteration in the airship’s 
balance between buoyancy and weight. Furthermore, the Btu 
value per pound is high. The whole arrangement results in an 
important gain in cruising range for the fuel-gas airship. This 
increase may be as much as 40 per cent more than the range of 
an airship using helium as the lifting gas and gasoline as fuel. 
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average length 


For an airship carrying hydrogen in any form—for lifting pur- 
poses, or in ballonets as dischargeable ‘‘negative ballast’’—the 
idea occurs, ‘‘Why not burn this hydrogen as fuel instead of 
merely exhausting it to the atmosphere?” A number of years 
ago before helium was available, serious efforts were devoted 
to using hydrogen as a fuel. A small Navy airship was 
equipped with hydrogen carburetors and made a successful flight 
from New York to Newfoundland, burning hydrogen and gasoline 
alternately. Recently, laboratory work by the National Ad- 
visory Committee for Aeronautics has shown that hydrogen can 
be burned with high thermal efficiency and without the risk of 
backfiring that handicapped some of the earlier work along simi- 
lar lines. The thermal efficiency of an engine running part on 
hydrogen and part on oil is less at low loads than that of a pure 
Diesel engine, but at high loads the efficiency is greater. It is 
believed conservative to estimate that with a Diesel-engine- 
hydrogen-ballonet installation, and with water-recovery ap- 
paratus eliminated, a gain of from 15 to 20 per cent in range can 
be realized through burning the hydrogen in conjunction with 
the fuel oil instead of wasting the hydrogen by valving to the 
atmosphere. The question of what added risk is involved 
through burning the hydrogen would have to be judged on the 
basis of final arrangements for conducting the hydrogen to the 
engines. 

A recent suggestion has been made that liquid hydrogen for 
fuel be carried in insulated spherical metal containers surrounded 
by helium. The hydrogen would be allowed to boil off as a 
vapor and be conducted to the engines. The mechanical features 
of the installation would not prove insurmountable or excessive 
as to weight, but questions of control of gas flow and safety as well 
as of the practical availability of liquid hydrogen, require investi- 
gation. The cruising range of such an airship would be nearly 
twice that of our present gasoline-burning airships. Water- 
recovery problems would be very much simplified. 
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Fire 


Lest it be considered that the question of fire hazard has been 
over-emphasized in this discussion, it should be pointed out that 
there is a fire hazard in any craft that carries gasoline, either in 
bulk or as fuel. The fire hazard in airships on account of gasoline 
is not considered to be any greater than that existing in airplanes 
or motor boats. The question of fire hazard from hydrogen and 
from fuel gas is another matter, but here again the actual risk, 
assuming that the hydrogen purity is always well above the ex- 
plosive range, is considered to be far less than is popularly be- 
lieved. Perfection of interior mechanical arrangements and 
prudent operation of the airship and all her appliances are the 
greatest factors in reducing and eliminating fire hazards from 
whatever source, and all airship installations are very carefully 
worked out to eliminate these hazards. 

From the foregoing general and perhaps superficial discussion, 
it will be apparent that the performance of future airships is 
going to be very materially affected by the fuel adopted for use in 
theirengines. There are several fuels which might be used—gaso- 
line, ‘‘safety gasolines,’”’ Diesel oils, fuel gas, hydrogen gas, liquid 
hydrogen. Each fuel will have its own peculiar effects on interior 
arrangements and may even influence noticeably the method of 
operation of the airship. A designer must trace the influence 
of possible fuels through all of their ramifications, and his choice, 
as usual, will have to be a compromise. The final comparison of 
the weight efficiency and performance of various alternative 
power-plant combinations and arrangements should be made on 
the basis of their performance over a considerable number of 
hours—say not less than 50 hr+-since this figure respresents the 
of voyage for a modern airship. — 
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The Application of the Hardy Cross Method 
of Moment Distribution 


By H. 


This paper presents the basic principles of the Hardy 
Cross method of analyzing continuous frames by dis- 
tributing fixed-end moments and illustrates the appli- 
cation of the method to various types of structures, in- 
cluding an elevator spar with supports on a line, the same 
spar with deflected supports, and an airplane fuselage 
truss with loads between panel points. 


OR years, structural engineers have 
been searching for a simple method 
of determining stresses in statically 
indeterminate structures. The Maxwell- 
Mohr, least-work, and slope-deflection 
methods have been employed to a large 
extent, but the laborious computations 
involved, together with the tendency for 
small errors to accumulate, have dis- 
couraged their use. 

In May, 1930, Prof. Hardy Cross, of the 
University of Illinois, presented in the 
Proceedings of the American Society of Civil Engineers a paper 
entitled, ‘‘Analysis of Continuous Frames by Distributing Fixed 
End Moments.’’*? The method proper was one of successive 
approximation involving only the simplest arithmetic and 
eliminating the use of simultaneous equations. The widespread 
discussion which followed would seem ample proof of the pro- 
fession’s interest in this method. Professor Cross purposely 
limited his paper to definitions and to a brief illustration and 
discussion of the application of the method to one type of frame. 
He also suggested other possible applications, many of which 

have been covered in subsequent discussion. 

Due to the brevity of the original paper, it seems desirable that 
& more detailed presentation be made in which emphasis should 
be placed on the correlation between moment distribution and 
the physical action of a structure. The writer has attempted to 
accomplish this by simple illustrations, while explaining the 
basie principles. 

Only a few practical applications to aeronautical problems 
have been given in this paper. But it is felt that familiarity with 
the basic principles should enable the airplane designer to apply 
the method to his special problems without difficulty. 

The author is very much indebted to Prof. A. S. Niles for the 


1 Department of Civil Engineering, Stanford University. Mr. 
Williams was graduated from Stanford University in 1925, and then 
entered the employ of the Standard Oil Company of California as 
draftsman and structural designer, where he remained until 1930. He 
then returned to Stanford as a graduate student and teaching assistant 
in civil engineering. Since 1931 he has been an instructor. Mr. 
Williams received his engineer’s degree from Stanford, specializing 
in structural engineering. 

2Since published, with all discussion, in Trans. Am.Soc.C.E., 
vol. 96, 1932, p. 1. 

Contributed by the Aeronautic Division of Taz American So- 
Clety OF MECHANICAL ENGINEERS and presented at the Pacific 
Coast Aeronautic Meeting, University of California, Berkeley, Calif., 
June 9-10, 1932. 

Nore: Statements and opinions advanced in papers are to be 
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criticisms and suggestions that he has given. Numerous features 


of the paper have been instigated by him. 


DEFINITIONS 


In order to clarify the immediate discussion of the Hardy 
Cross method, the sign conventions and four terms will be de- 
fined as follows: 

(1) Fized-end moment is the moment which would exist at the 
ends of a loaded member if those ends were held rigidly against 
rotation. This is in accord with the ordinary usage for beams 
ending in heavy walls.* 

(2) Unbalanced moment is numerically equal to the algebraic 
sum of all moments at a joint. The joint is balanced when the 
sum of the moments equals zero. 

(3) Stiffness as herein used “‘is the moment at one end of a © 
member (which is on unyielding supports at both ends) necessary 
to produce unit rotation of that end when the other end is fixed.’’* 
For a straight beam of constant section, the stiffness is propor- 
tional to the moment of inertia divided by the span length— 
i.e., the usual K = J/L used in the slope deflection method. Of 
course, the relative rather than the actual values of K can be 
used in computations. 

(4) Carry-over factors result from the fact that if a beam simply 
supported at one end and fixed at the other is acted on by a bend- 
ing moment at the simply supported end, a certain moment is 
induced at or “‘carried over” to the fixed end. The ratio of the 
moment at the fixed end to the bending moment at the simply 
supported end is called the “carry-over factor.” It is + */2 for 
straight beams of constant section.5 

(5) The sign conventions used in this paper are as follows: 
A clockwise moment couple acting on the end of a member is 
positive; a counter-clockwise moment couple is negative. If, 
at a joint, the tangent to the elastic curve of a member rotates 
through a clockwise angle, the rotation is positive. Hence, a 
positive moment acting on the end of a member causes a positive 
rotation.® 


Basic PRINCIPLES 


It will be recalled that, in the analysis of statically indetermi- 
nate structures, various temporary expedients are resorted to in 
order to obtain the moments and stresses in the members. Re- 
dundant members are assumed to be cut or a fixed or partially 
restrained joint is taken as hinged, and the resulting statically 
determinate structure is analyzed for this condition. Then 
certain external forces or moments are assumed to come into 


3 See Appendix B for fixed-end moments for beams with various 
types of loading. 

4 Quoted from Hardy Cross paper. 
vol. 96, 1932, p. 2. 

5 See footnote 10. 

¢ The sign conventions adopted here are the same as those used 
by Messrs. Wilson, Richart, and Weiss in “‘Statically Indeterminate 
Structures,”’ Bulletin 108, University of Illinois, Engineering Experi- 
ment Station. They also are used by Sutherland and Bowman in 
their text, “Structural Theory.”” Note that these sign conventions 
bear no relation to the signs used in ordinary design, and hence are 
not the same as those used in the original paper by Hardy Cross. 
See Appendix A for more extensive definitions of sign conventions. 
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, action and draw the cut member together or return the hinged 


trary restraining forces or moments. 


joint to the restrained condition, and the same statically deter- 
minate structure is separately analyzed for the effects of the 
latter forces or moments. The principle of superposition’ is 
assumed to apply, and results of the separate analyses are 
added algebraically to determine the final stresses. The pro- 
cedure involves the application to the structure of certain arbi- 
These forces or moments 


are later removed, leaving the frame acted on by the original 


loads. The arbitrary restraints can be removed and re-applied 
any number of times as long as in the end the true force system 
prevails. 

Consider, for illustration, a simple beam uniformly loaded. 
By fixing or restraining the ends, which are normally free to 


rotate, we can prevent the beam from sagging as far as it ordi- 


narily would when similarly loaded and resting on knife-edged 
supports. If we now release the restraint at one end only, 
further deflection will take place; and the subsequent removal of 
the restraint at the other end will allow the beam to sag to its 


final position. In this case only two steps are involved. How- 


ever, by alternately releasing and fixing the ends, the beam could 
have been lowered to its final position in as many stages as was 
desired. Each stage would have resulted in certain changes in 
the end moments of the beam. By the principle of superposi- 


tion, the effects of all of these separate changes could be added 


5 ing knife-edged supports. 


algebraically to determine the final moments. Obviously, this 
- summation would be zero for the end moments of this particular 
structure. 
ILLUSTRATION, SIMPLE BEAM OF ONE SPAN . 
Suppose, in order to make the foregoing example more spe- 
cific, we follow through in detail the steps suggested, using 
Figs. 1 to 9 to help in visualizing the physical action which takes 
place.® 
(1) Fig. 1: We have the simple beam AB resting on unyield- 
The uniformly distributed load has 
not yet been applied. 

(2) Fig. 2: It is assumed that before the load is applied, the 
ends are fixed by casting a heavy imaginary wall around the 
beam at each end. 

(3) Fig. 3: The load is assumed to be applied. By well- 


_ known methods,® the end moments are found to be —WL/12 


at A and +WL/12 at B as shown. By definition, these are 
“fixed-end moments.” 
(4) Fig. 4: The restraint at A is removed. As a result: 


(a) The moment of —WL/12 at A is entirely released. This 


effect is the same as though a new external moment of +WL/12 
had been exerted at A. Hence, adding +WL/12 to the previous 
—WL/12 gives zero, the new moment at A. (b) It is obvious 
from the figure that the action of the external moment (+WL/12) 
at A caused additional strain or moment to be set up at B, the 
far end of the beam. This is the ‘‘carry-over’”’ moment from A 
to B. It is equal to +'/2 X +WL/12 = +WL/24. The net 


- moment at B is now + WL/8, as would be expected." 


7 The principle of superposition states that the total effect of a 
number of loads on a structure is the same as the sum of the effects 
of each load when separately applied. It is only approximately 
true for combined bending and compression. 

8 Since we are concerned only with moments at this time, no shears 
or support reactions will be shown in Figs. 1 to 9. 

* That is, by theorem of three moments, moment areas, or slope 
deflection. Moments for fixed-ended beams of one span can also 
be found in any handbook. 

10 The ratio +1/2 is the carry-over factor for a straight beam of 
constant section. See Appendix B for derivation. 

11 The foregoing moments for a beam fixed at one end and hinged 


a . at the other can be checked from any handbook. 
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(5) Fig. 5: Joint A! is assumed fixed in its new position. = 

(6) Fig. 6: Joint B is released; i.e., an external moment of 
—WkL/8 is applied, thus canceling the previously existing mo- 
ment of +WL/8. The beam sags still further and sets up a strain 
at the fixed end A. That is, a moment of +'/. KX —WL/8 = 
—WL/16 is carried over to A and added to the existing moment, 
which is zero. 

(7) Fig. 7: Joint B is again fixed. 

(8) Fig. 8: Joint A is released, leaving zero moment at A 
and a carry-over moment of +WL/32 at B. 

(9) Fig. 9: If we now decide arbitrarily to release B without 


Fig. 3— 


- Fig. 


12 In this paper, the term “‘joint’’ will be used not only to describe 
the point of intersection of the axes of two or more members as in 3 
truss, but also to refer to the intersection of the axis of a beam and the 
center line of a support. : 


— 
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first fixing A, as was previously done, we can do so, and the beam 
reaches its final sag with zero moment at each end. 

Inspection shows that each step brought us closer to the true 
condition for the loaded beam. Each time a moment was added 
due to a change in position of the beam, the added value was 
smaller than before, since the carry-over factor was +'/,. The 
principle of superposition was applied at each step in that the 
new moment was added to the existing moment before proceeding 
to the next step. 

The foregoing example is of course extremely simple. Since 
the beam is of one span only and the ends are both hinged, it 
can be allowed to deflect to its final position at any time by simply 
releasing all restraining moments and allowing both end moments 
to become zero. However, this can be done only because both 
ends actually are hinged and we know that the final end moments 
must equal zero. In even a slightly more complicated structure, 
such as a continuous beam on three supports, the situation is 
different. Certain moments will exist at the interior ends of the 
spans when the structure reaches its final state of equilibrium. 
The magnitudes of these moments are unknown asarule. Hence, 
the moment over the middle support resulting from releasing both 
end joints at once will not equal the actual final moment except 
by coincidence. 


ILLUSTRATION, ConTINVOoUS BEAM 


Let us now follow through the analysis, in the same general 
manner as before, of the continuous beam shown in Fig. 10. 
The cross-section is constant throughout, and all spans are of | 
equal length. The supports are assumed as unyielding. The © 
only external force is the load P on the end of the overhang. | 
Moments are designated in the usual fashion. Ma, is the 
moment in beam AB at end A; Mob is the moment in beam AB 
at end B. 

Assume that, before the load P is applied, all joints are fixed 
against rotation. This fixity can be thought of as being effected 
by casting a heavy wall around the beam at each support. Under 
these circumstances, the only immediate result of applying the 
load P is that a fixed-end moment (Mao = +1000 ft-lb) is set 
up in the cantilever. All other moments equal zero. From this 
point, the procedure is as follows: 


(1) Balance joint A: ‘Suppose joint A is now released; i.e., 
the wall is assumed replaced by a knife-edged support. If 
2M = Mea + Ma = 0, the joint would be in equilibrium and 


no rotation would take place. However, 2M +1000 + 0 
+1000, which means that an unbalanced moment of +1000 
exists at the joint for an instant after the wall is removed. 
While the joint was fixed, this moment was resisted by the wall. 
After release, it must obviously be resisted by an equal and 
Hence, 
quent rotation of the joint causes no change in Mao, but adds 
a —1000 to Ma. This value is written as, shown in Fig. 12. 
Joint A is now said to be balanced, since ©M = 

(2) Carry-over moment to joint B: The balancing of joint 
A actually amounted to applying a moment of —1000 to end A 
of beam AB. This —1000 deflected the center of the beam up- 
ward (Fig. 12) and also caused a moment to be “induced at” 
or “carried over’ to Moa, since joint B was fixed against rota- 
tion. This moment change at Moa is equal to +'/2 * —1000 

500. 
(3) Joint A is assumed fixed in its new position. 
(4) Balance joint B: It will be noticed that this joint differs 
from any encountered so far in that its rotation affects and is 
affected by a beam on each side. The instant after joint B is 
released, the unbalanced moment Mia + Mere 500. 
In order that the moments on each side of the joint will be equal 
and opposite, the equilibrant of the unbalanced moment of 


opposite moment in the beam. the release and subse- 
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500 must be distributed to each beam so that the equation 
=M 0 is satisfied. That is, the joint rotates clockwise, re- 
lieving Moa of some mement and adding an equal amount to 
Moe.18 If Moa is relieved by +250 and the same amount is : 
added to 


—6500 + 250 —250 


13 This is true only when ]/L is the same for the member on each 
side of the joint. Also, one-half is given to each member only when 
there are but two members coming into the joint. For further de- 
velopment and discussion of balancing moments at joints, see under 
heading, ‘‘Effect of Rigidity on Distribution of Moments at a Joint.” 
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Mex = 0 + 250 
=0 

Hence, the equation of equilibrium for the joint is satisfied by 
distributing a moment equal to one-half the unbalanced moment 
and of opposite sign to the member on each side of the joint. 
In this case, the changes in Moe and Ms. are recorded as shown 
in Fig. 13; but at this time the new values will not be added 
to the moments (Mss = —500 and Mz. = 0) already existing. 

(5) Carry-over moment to joints A and C: The balancing 
of joint B amounted to applying new moments of +250 at 
Mvs and Mie. Hence, a moment of +'/. X 250 = +125 
must be carried over from Mos to Ma and from Me. to Me. 

(6) Joint B is assumed fixed in its new position. 

(7) Balance joint C: The unbalanced moment at this joint 
is +125. The procedure of releasing and balancing is the same 
as for joint B in step (4). The results are shown in Fig. 14. 

(8) Carry-over moment to joints B and D: Procedure same 
as in step (5). Carry-over moments are —31.25 to Mo- and 
—31.25 to Ma, as shown in Fig. 14. 

(9) Joint C is assumed fixed in its new position. 

(10) Balance joint D: This joint is actually fixed and cannot 
be released. Hence there is no unbalanced moment to be dis- 
tributed and the carry-over moment to Mca = 0. 

We have now completed one cycle and can return to joint A 
and follow through the same procedure from A to D again. It 
will be noticed that, when the joints are now released, the un- 
balanced moments are the algebraic sum of the carry-over 
moments from the preceding cycle. That is, the unbalanced 
moment at A (Fig. 15) is the +125 carried over when joint B 
was balanced in Fig. 13. The unbalanced moment at B (Fig. 
16) is the algebraic sum of —31.25 carried over when joint C 
was balanced in Fig. 14, and —62.50 carried over when joint A 
was balanced in Fig. 15. The total is —93.75. To balance the 
joint, a +46.875 must be distributed to each member. 

In this example, the computations are carried through three 
cycles. In each step, only the moments resulting from that 
particular change are recorded. The final ! moment at any 
joint must equal the fixed-end moment with which we started, 
increased or decreased by the various moment increments re- 
sulting from the separate steps. The totals are as shown in 
Fig. 18. Further cycles would bring the moments on either side 
of a support into closer agreement. Inspection of the results 
indicates that it is not necessary to follow the exact procedure 
used. It is more practical to use the method and form of com- 
puting shown in Fig. 19. The fixed-end moments are first 


= +250 


written for all joints—step (a) in the figure. As previously 
explained, all fixed-end moments are zero in this case, except on 
the cantilever. Joint A is then balanced and a —1000 distributed 
to the right of the support and zero to the left—step (b). The 
carry-over moment to B is not recorded at this time. Joints 
B, C, and D are balanced next, thus completing step (b). Since | 
the fixed-end moments at these joints are equal to zero there is 
nothing to distribute. A line is drawn under the value obtained 
from step (b). These lines do not necessarily signify an 
addition; they are merely convenient marks to indicate that the 
joint is in balance. At this stage the sum of the moments on 
either side of a joint should equal zero since the carry-over mo- 
ments have not yet been computed. The carry-over moments re-— 
sulting from step (b) are now computed for all joints, and the — 
values are recorded under the lines—step (c). After this step, cer-_ 
tain joints are out of balance, so step (b) is repeated and the © 
second set of lines drawn. Thus steps (c) and (6) are repeated — 
as many times as desired. In the illustration, the computations — 
are carried through six cycles before the columns are added to— 
obtain the total moments—step (t). A simplified attack involv-— 
ing fewer computations for this type of problem will be illus- 
trated later. 

The reader might at this point question the correctness of | 
computing the total moments after balancing joints rather than © 
after recording carry-over moments. While the latter way would © 
be more nearly correct, the quantities involved are small in any 
event. The method used in the illustration has the advantage — 
that an exact check can be obtained; i.e., the sum of the moments 
on each side of a joint equals zero. This check obviously does 
not apply to joint D. 

The foregoing examples illustrate the application of the Hardy 
Cross method to very elementary structures. To summarize: 
A structure is taken without any external loading; all joints, 
including those normally free to rotate, are assumed as fixed 
against rotation; the external loads are then applied, and the © 
resulting fixed-end moments are computed by well-known 
methods. In succession, each joint is released, allowed to rotate : 
as far as it can, and then fixed again in its new position. This 
rotation allows the moments to balance at ‘the joint which is | 
released, but further adds to the unbalance of the joint at the 
far end of each rotated member. It is analogous to making» 
several adjustments to a machine where a change in any one | 
adjustment throws the others out again. The closer the struc-_ 
ture gets to its final deformed state, the smaller the rotations and, 
hence, the smaller the carry-over moments causing unbalance at 
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adjacent joints. The general method is one of assuming the 
structure to deflect to its natural loaded position through a series 
of steps. Each step is paralleled by a computation of the 
moments needed to balance the joints released and the resulting 
carry-over moments imposed on adjacent joints. The moment 
changes at each step are evaluated before proceeding to the next 
step. By the principle of superposition, the results of the various 
steps are added algebraically to determine the final moments. 
The accuracy of these final moments depends on the number of 
steps or cycles used in the computations. 

The general physical action upon which the Hardy Cross 
method depends is aptly illustrated by a building frame as shown 
in Fig. 20. All joints of the frame are free to rotate if desired, 
but it is assumed that they are fixed as far as translation in any 
direction is concerned. Suppose a moment acts on joint 1 when 
all other joints are assumed as fixed against rotation as well as 
lateral movement. As a result, certain fixed-end moments are 
set up at 2, 3, 4, and 5 due to the carry over from joint 1. These 
carry-over moments will be unbalanced moments at the instant 
these joints are released. If all joints except 2 are now fixed, 
and joint 2 is released to that =M, = 0, this release will in turn 
cause a further spread of moment, not only to new joints, but also 
back to joint 1. The same effect will result from releasing joints 
3,4, and 5inturn. It will be noticed that the releasing of joints 
2, 3, 4, and 5 affects some joints in common (Fig. 21). 

If joint 10 (Fig. 22) is now released, joints 2 and 3 are affected, 
as well as some new joints. Hence, it might be said that as the 
wave spreads out from the origin, it not only affects new joints in 
its path, but it also affects the joints in its wake. As it recedes 
from the point of origin, its intensity decreases until it ‘‘dies out.” 
A new wave of less intensity now moves out from the origin, 
leaving still smaller moments in its wake. 
grow smaller until their effect is practically negligible. 


Errect oF Rigipiry oF MEMBERS ON JOINT ROTATION 


Successive waves 


It has been stated under “Definitions” that the stiffness or | 


rigidity of a straight beam of constant section is proportional to 
the moment of inertia divided by the span length. That is, the 
value of K = //L is an index of rigidity. 

It will be recalled that the continuous beam used for illustra- 


tion, was of constant section and that the spans were of equal 


length. Hence the value of K was the same for all members. 
Also, in balancing joint B (see item 4 under heading ‘‘Illustra- 
tion, Continuous Beam’’) it was stated that the equation of 
equilibrium for the joint was satisfied by distributing a moment 
equal to minus one-half the unbalanced moment to the member 
on each side of the joint. However, it should be observed that 
this was true only because the beams on either side of joint B 
were equally stiff. Since Kos = Kv, the distribution was ac- 
+ 2K va 

where My, is the unbalanced moment. If Kise = 2 and 
Kee = 3, the amount distributed to Mita and Ms. would be 


<7 = = an 243 = respectively. That is, the distribu- 


tion of the unbalanced moment to the members was in propor- 
tion to their relative rigidities. 
The physical effect of relative rigidity can best be seen by 
following through the various steps illustrated in Figs. 23 to 28. 
Fig. 23 shows a two-span continuous beam with a load P on 


tually in the ratio of 


\ 
| 


one span, a knife-edged support at B, and fixed at ends A and C. 


The knife-edge is assumed to have no restraining effect on joint 
B so far as rotation is concerned. Suppose joint B is assumed 
fixed while the load P is being applied and is then released— 
the usual procedure in the Hardy Cross method. If, as in Fig. 


24, beam BC is infinitely stiff compared to beam AB, obviously 
there will be no rotation at joint B when the fixity is removed 
and the moment Moa will be the same as the original fixed-end 
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Fig. 22 
oe (Third stage, joints 1 to 5 fixed, joints 6 to 12 rotate.) 


moment. If, as in Fig. 25, beam BC is less rigid but still rela- 
tively stiff as compared to AB, some rotation of B will take 
place upon release and the resulting moment Mie will be less 
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E is a constant, if both spans are of the same material, and if we 
let 1,/Ly = K, and = 


M' te = 


f= 2 


Fia. 30 


-Fig.27- 


-Fig. 28- 


than the original fixed-end moment. Figs. 26 and 27 show the 
effect of further reduction in the stiffness of beam BC. If, as 
in Fig. 28, beam BC ceases to exist or is of infinitely small cross- 
section, joint B can rotate until Mia = 0. Hence, it is seen 
that the rotation of a joint is largely dependent on the relative 
rigidities of the members common to the joint. 


EFFEcT OF RIGIDITY ON DISTRIBUTION OF MOMENTS AT A JOINT 


Let us now take the same beam as was used in Fig. 23, designate 
_ the moment of inertia and span length as shown in Fig. 29, and 
& apply the first step of the Hardy Cross method—fix joint B 
and apply the load P. Asaresult Mic = 0; but Moa is a fixed- 
end moment depending on the load and span length. This 
fixed-end moment is held in equilibrium by the clockwise couple 
exerted by the hypothetical wall at B. Let us call this +Mu. 
If the wall is suddenly replaced by the knife-edged support, the 
moment +M. is momentarily unbalanced until it is removed. 
4 Removing a moment is the same as applying an equal and op- 
posite moment. Hence, it can be considered that the unbalanced 
- moment +, is removed by the application of an equal and op- Fic. 32 
posite moment —M,. This moment rotates the tangent to the 
ma elastic curve of the beam through the angle @s2 = 9 (Fig. 30) So as to have equilibrium at the joint after rotation (Fig. 31): 
and causes corresponding changes in the beam moments. Let us M'ta + M'te = - 
gall the moment changes due to the rotation M’ta and Mv. 
From the moment area or elastic-weights method of determining Therefore, from Equations [1] and [2]: 


moments:'4 = = M'veln/4EI, = 9, or, since M'va = —Mu X Ki + K2) = X K,/2K 
7 14 See Appendix B. M've —M. X K2/(Ki + K2) = X 
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Attention is again called to the fact that M’,, and M’»e are 
only the moments due to the rotation of joint B after the fixity 
is removed. The actual total moments in the two members are 
found by adding the moments M’ra and M've algebraically to 
the original fixed-end moments Msa and Mx, respectively. 

In so many words, the foregoing equations tell us that when a 
joint is released, a moment equal and opposite to the unbalanced 
moment is distributed to the members common to the particular 
joint in proportion to their rigidities. If the unbalanced moment 
is positive, the moments distributed will be negative, and vice 
versa. 

If there are more than two members common to the joint 
released (Fig. 32), the rule still holds. That is: or 

= 


= 


—M, x Re (Ka + K, Ke Ka) = —M, K./2K 


APPLICATION OF Harpy Cross METHOD TO AN ELEVATOR 


SPAR 


Fig. 34 shows the vertical-load curve for an elevator spar.'§ 
The spar will first be considered as a symmetrical continuous 
beam with five supports. A simplified attack will then be shown. 

If a 1'/,in. by 0.035-in. Dural tube is used, the moment of 
inertia is 0.02467 throughout, and the value of K will be the same 
for all spans except the overhangs, where it will be zero. Hence, 
a relative value of K = 1 is used. 

All joints are assumed fixed against rotation, and the fixed- 
end moments are calculated :'* 


18 The author is indebted to Mr. Ben W. James, of Stanford 
University, for the numerical data used in this illustration. 

16 The expressions for determining fixed-end moments can be de- 
rived by moment areas or slope deflection as shown in Appendix B. 


Values for various types of loadings are given in Fig. 41. _ 
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+100. oO (a) 
- 62.5 | -37.5(b) 
= 6.3 | 
* 0.8 | 0.5(b) 


3200 | t) 


—Mreg = 1.32 X 5 X 10/3 = 22 
1.32(45)?  0.96(45)? 
2x15 


M Fao 


—M Fab +Mrea 


Similarly: 


—Mrae 
+ Mrae 
= —Mrea 


= 320 
450 
= 482 


Mrva = 
—Mrr = 
Mre 


These quantities are recorded as shown on Fig. 35, step (f). 
In accordance with the conventions given under “Definitions,” 
clockwise-resisting moment couples are positive, counter-clock- 
wise couples are negative. The subsequent procedure is as 
follows: 

Joint A: The instant after this joint is released, the summa- 
tion of moments around the joint is +22 — 288 = —266. To 
make the joint balance, a moment of +266 must be distributed 


to the two members in proportion to their rigidities (see heading, — 


“Effect of Rigidity on Distribution of Moments at a Joint”). 


0 1 
Hence, distribute to AO, ——— X +266 = 0;to AB x 


0+1 0+1 
+266 = 
(step b) and a line is drawn under each to indicate that the joint 
is now in balance, i.e., [Ma =0. Asstated before, this line does 
not indicate an addition. 

Joint B: The instant after this joint is released, the un- 
balanced moment is +320 — 450 = —130. The subsequent 
rotation will be the same as if a +130 acted on the joint. Hence, 
distribute 1/(1 + 1) X +130 = +65 to BA and the same to 
Bc. 

Joint C: There is no unbalanced moment at this joint because 
of symmetry. 


+266. These quantities are recorded as shown — 


Who 
2 a(t) TOT THe) 
. 
— 
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Joints D and E: Balance and record in the same way as for 
joints B and A, respectively. Note that the signs are reversed 
on this side. 

All joints are now in balance. Since the balancing actually 
consisted in allowing one joint at a time to rotate while all others 
were fixed, the resulting carry-over moments must now be com- 
puted as indicated in step (c). As has been previously shown, 
the carry-over moment at one end of the member is the distri- 
buted moment just determined at the opposite end multiplied 
by +1/2. 

_ The moments just carried over throw the joints out of balance 
- again. These new moments must be distributed in the same way 


JERS 


cal action of the beam when A is released while B is assumed 
fixed. Now balance joint B. The unbalanced moment is +320 
+ 133 — 450 = +3. Therefore, distribute —3 as shown, 3/7_ 
to BA and 4/7 to BC, and at once record the corresponding — 
carry-over moment at C. 

There will be no carry-over to A, since this joint was free to 
rotate. It will be noticed that the solution is completed, since C 
need not be released. 

This procedure can be followed with more complicated struc- 
tures even when symmetry and freely supported joints are not 
involved. 

In most structures, there will be certain joints with a larger 


the fixed-end moments. In Fig. 35, the computations are 
carried through four cycles, after which a double line is drawn 
and the algebraic totals are written. 

Other quantities such as moments, shears, and reactions can 
be found now by the usual laws of statics. 


SoLuTIon SIMPLIFIED 


if The foregoing computations for the elevator spar can be 
greatly simplified. Because of symmetry, only one-half of the 
beam need be considered, as shown in Fig. 36. The center joint 

-C can be assumed fixed, since we know it does not rotate on 

- aecount of the symmetry of structure and loading. Joint A 
is freely supported and, once released, need not 
be fixed again. This necessitates the use of a 
value for Kas equal to 3/4, the true relative value. 
Hence, to simplify computations, Kte is made 


-22(f) 
O(c) 
+ 4| 0(»d) 


+ 22/ -22(t) 


unbalanced moment than others. Where the unbalanced a 


ment is quite small, it is a waste of effort to balance the joint 
carefully, only to have this balance entirely disrupted later 


by a large carry-over moment from adjacent joints. Hence, 
more rapid convergence will be obtained if the highly un- 
balanced joints are first balanced and the resulting carry-over 
moments are recorded before proceeding to the better balanced 
joints. 18 

18 This method was proposed by L. E. Grinter in discussion of the — 
Hardy Cross paper. See Trans. Am.Soc.C.E., vol. 96, 1933, p.¥11l. 


It is suggested that this method should not be used until complete ~ 
familiarity with the usual procedure is obtained. 


B Center 
= 4 Line 


- equal to 4 and Ka» equal to 3.1” 
_ Joint A is now balanced as before, and + 133 
_ is immediately carried over to joint B. This 


— is more nearly in accord with the physi- 


17 It can be shown by slope deflection or moment 

areas that the moment needed to produce a given 
rotation at one end of a beam when the other end is 
free is three-fourths as great as if the other end is fixed. 


| 45" 45" 45° wd 

= K sl K=1l K=1 K=0 

+320] -450 +482] -482 +450] -320 

0 | +266 + 65/+ 65 0 65/- 65 

- 66 6 « + 661+ 66 

O\+ 4 +17 0 4\- 4 O|- 17 

22[-22 +452/-451  +486/-486 +4517 -452 

Ks3 

+22] -288 +320] -450 +482 


APPLICATION TO EvLevator Spar WitH Supports 


The elevator spar of Fig. 34 is attached to the stabilizer. Let 
us suppose that it has been determined from computations or 
from tests that the supports at A, B, D, and E are deflected by 
known amounts with respect to C. The moments in the spar can 
be found by moment distribution as before, once the revised 
fixed-end moments are determined. 

It will be recalled that the first step in the Hardy Cross method 
is to assume all joints fixed and then apply the external loads. 
If this fixity is also assumed to take place before the joints are 
deflected, this deflection will set up fixed-end moments in any 
one span, as shown in Fig. 37. 
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Fig. 38, step (f). The succeeding steps in the solution are the 
same as for the example of Fig. 36. 


PractricAL APPLICATION OF THE METHOD TO A CONTINUOUS 
FRAME 


A more general use of the method will now be illustrated by 
determining the moments in the continuous frame shown in Fig. 
33. This is the same frame that Professor Cross used in his 
original paper. As he stated at that time, the illustration is 
entirely academic and is selected only because “it involves all 
of the conditions that can occur in a frame which is made up of 
straight members and in which the joints are not displaced.” 
In Fig. 33, the sign convention has been revised to agree with 
that defined at the beginning of this paper. Other minor changes 
from the original paper, suggested in the subsequent discussions, 
have been adopted where it was felt that the chance of error would 
be lessened. No attempt has been made to introduce short cuts 
in this solution. Joints Z and F could obviously be treated like 
joint A in Fig. 36. 

The relative K = J/L value for each member is shown by the 
number in the circle near the middle of the span. The sum of 
the K’s for all members common to a joint is shown in the circle 
at the joint. 

It is assumed that all joints are fixed, and then the 


Cc loads P, Q, R, S, T, W, and V are applied as shown. The 
Y% resulting fixed-end moments are then determined and are 
Vy, recorded, as shown in the figure, parallel to the member con- 
y cerned and followed by the letter (a) for reference. 
bg 355 io +5771 The unbalanced moment at all joints is first distributed, 
63 a3 - 42 step (b). It will be noticed that the algebraic sum of the 
. ae = fixed-end moments at joint C is +30.0. This is the un- 
7 ees -438 #535 balanced moment the instant after the joint is released. The 
' ~~ : subsequent rotation will be the same as if a moment of —30.0 
Fic. 38 acts on the joint. The distribution will be 4/12 to CB, 2/12 


If the member AB is of constant cross-section, the point of 

contraflexure will be at the mid-point and each half can be 

treated as a cantilever beam with an end deflection of D/2. 
Then: 


3EIX8 (L = total length of member) 


Let us suppose it has been found that A deflects downward 
1/,in. with respect to B, and B deflects the same with respect to 
C. The deflections of Z and D are the same as A and B, respec- 


or: 
6EI 
L? 


M 


tively. Fora 1/,-in. by 0.035-in. Dural tube, 7 = 0.02467 and 
E = 10,400,000. Then the foregoing formula gives the following 
fixed-end moments due to deflection of supports alone: 
6 X 10,400,000 0.02467 0.125 

45 X 45 

and 
= Mx = Ma = 9% 


The sign of this moment must be determined by inspection. 
If A deflects downward with respect to B, as in Fig. 37, obviously 
a positive clockwise moment at each end results. When these 
values are added algebraically to the fixed-end moments caused 
by the external loading (Fig. 35), the results are as shown in 


to CF, 5/12 to CD, and 1/12 to CG, as shown. The sub- 
sequent procedure for this and other joints should be apparent 
in view of the previous illustrations. 

Only two cycles are used in this example. Further cycles 
will improve some of these results, especially at joint D. The 
probable effect of further computation can always be ascertained 
by inspection of the last set of carry-over moments. 


PRACTICAL APPLICATION OF Harpy Cross Metuop To DeEsIGN 
or AIRPLANE FUSELAGE TRUSS 


Fig. 39 shows the forward section of an airplane fuselage 
truss. Member 2U-4U has a concentrated load of 62 lb located 
13 in. from one end, due to instruments. Members 3L-4L and 
4L-5L are subjected to a uniform floor load in addition to con- 
centrated loads between panel points due to passengers. Mem- 
ber 5L-6L has a concentrated baggage load of 310 lb located as 
shown. 

The sizes, lengths, and axial loads determined in the usual way, 


TABLE 1 
Member Size, in. 
2U-4U 11/4 X 0.035 
4U-5U 1X 0.035 
5U-6U 1 X 0.035 
2L-3L 1 xX 0.035 
3L-4L 11/4 X 0.035 
4L-5L 11/4 X 0.035 
5L-6L X 0.035 
6L-7L 1 X 0.035 
2U-3L 1 X 0.035 
3L-4U 11/s X 0.035 
4U-4L 11/s X 0.035 
4L-5U X 0.049 
5U-5L X 0.049 
5U-6L 1 X 0.035 
6U-6L 01035 
6U-7L 0.035 


2 

¢ vate 

Length, Axial Load, 

48 

50 —3865 

26 

54 
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assuming pin joints for each member, are shown 
in Table 1 (the axial loads are the critical values 
based on a combination of high angle of attack 
and three-point landing conditions). 

Under present practise, a truss with this type of 
loading would be analyzed by assuming the mem- 
bers which have no side loads to act as struts with 
ends restrained in such a manner that the restraint 
coefficient ¢ = 2 could be used. For the mem- 
bers subjected to side loads between joints, the 
Department of Commerce requires that the bend- 
ing moments be properly taken into account, but 
does not specify how this should be done. 

This paper proposes a method of attack for 
analyzing the effect of these intermediate loads 
which will give definite results even though it is not 
claimed that they will be perfectly accurate. It 
is believed to be an improvement over the present 
uncertainty and to constitute the first step toward 
obtaining a practical rational solution of the 


problem. 
The most important errors in the method are due ¢ atl 


_ to the following factors: 
(a) Bending moments due to joint deflection, 
resulting from changes in length of members, are 
neglected. (See discussion of Hardy Cross paper 
. by Thompson and Cutler, Trans. Am. Soc. C.E., 
vol. 96, p. 108, for a method of obtaining these 
moments.) 
(b) An axial compression load acting on the ends 
_ of a continuous beam causes a deflection in each 
_ span. These deflections in themselves result in 
additional moments at supports. These moments 
neglected.'* 
(c) To get the allowable stress in compression 
- members from Fig. 11 of Aeronautics Bulletin, 
_ No. 7-A, edition of Jan. 1, 1932, arbitrary assump- 
_ tions are made regarding the location of points of 
- inflection in selecting the value of L. 

(d) To reduce labor, only a part of the truss is 
_ considered, and the end joints of this portion are 
_ assumed as fixed against rotation. This is a minor 
error. 

The proposed procedure is made up of the 

following steps: 

1 Compute the primary bending moments in all 
members due to loads between panel points by 
the Hardy Cross method. If desired, the secon- 
dary moments listed under (a) could be included 
in this computation, though that is not done in 

= illustrative example. 

2 Determine maximum bending moment and 

- unit stresses due to bending and axial load. 

3 Determine effective slenderness ratio and 
compute margin of safety from Figs. 10 to 12 of 
Bulletin 7-A. 

_ The determination of the maximum bending 
moment is likely to lead to some difficulties. 

7 The present practise of using a restraint coeffi- 
= of 2.0 in designing a fuselage member implies 

' that the magnitudes and directions of the end mo- 
_ ments are such that there is a point of inflection 


= 


Geer) 


MM /000°® (From Landing 


18 Since this paper was written, Mr. Ben W. 
James, of Stanford University, has worked out a 
_ method of moment distribution modified to include 

. _ the effect of axial loads upon the bending moments, 
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distant not more than 0.7 L from the end 7 
of the member. Asa result, if a member is 
designed on this basis with a small margin 
of safety for axial load only, the value of 
L/j will very likely be greater than xr. If 
the moments at the ends of such a member 
were independent of the deflections of the 
member (as in a single span with canti- 
lever ends as shown in Fig. 11:12 of “Air- 
plane Structures” by Niles and Newell), 
the axial load would be greater than the 
critical and the member unable to carry it. 
A member of a fuselage truss, however, is 
more like one span of a continuous beam, 
such as is shown in Fig. 11:13 of “Airplane 
Structures.” The end moments are very 
much influenced by the deflections in the 
member, and the critical load is not that 
which gives L/j = x, but a larger value 
that would be obtained by computations 
similar to those in article 11:7 of “Air- 
plane Structures.” 

The rational method of computing the 
end moments would have to include com- 
putations of the effect of the secondary de- 
flections between panel points to be made by 
some suitable modifications of the extended 
three-moment equation of chapter 11 of 
“Airplane Structures,” but it has not yet 
been found possible to accomplish this. In 
the meantime, it is necessary to make cer- 
tain assumptions. 

For members in which the axial load is 
tension it seems conservative to neglect the 
effect of combined bending and axial load in 
producing secondary moment. The unit 
stress due to axial tension may be added to 
that due to the bending computed by ap- 
plying the Hardy Cross method and the 
sum compared to the allowable unit tension. 

If there is no side load on the member 
and the Hardy Cross computations indicate 
that there is no point of inflection in the 
member, it would seem unwise to use a mem- 
ber designed on the basis of c = 2.0, but the 
design should be based on c = 1 so that L/j 
would be less than z, and the formulas of 
chapter 11 of “Airplane Structures” could 
be used with some confidence to determine 
the maximum moment in the span. 

If there is no side load and the Hardy 
Cross computations indicate a point of in- 
flection, the same practise could be followed, 
but it seems unnecessarily conservative. — 
Owing to the continuity of the structure, 7 
the end moments will increase faster than 
the external loads and the point of inflection =» 
will probably have only a small movement. = 
If this were not the case, the failing loads 
for fuselages subjected to static test would - 
have indicated the necessity of designing for 
c = lor less, instead ofc = 2. Thedesigner 
has two reasonable assumptions he might — 
make. He might assume the point of inflec- _ 
tion to be 0.7 L from the end with the larger 
moment or that it was, say, one-third of the 
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distance from the point of inflection indicated by the Hardy Cross 
computations and the end with the smaller moment. In either 
case, the distance from the assumed point of inflection to the end 
with the larger moment would probably give a value of Li/j 
less than x. This segment of the beam could then be analyzed 
in the usual manner with the formulas of “Airplane Structures”’ 
and the margins of safety computed by the system recommended 
in Bulletin 7-A. 

When there is a side load on the span, there are two similar 
choices. The first is to use a member of such size that L/j is 
less than 7 and compute the maximum moment from the formulas 
of “Airplane Structures.” The other is to find the points of 
inflection indicated by the Hardy Cross computations of end 
moment and assume points of inflection a little further apart. 

In all of these methods, the end moments are assumed to be 
those computed by the Hardy Cross method, neglecting the 
secondaries due to the combination of bending and axial load in 
each member of the structure. This is a serious error, but one 
that cannot be eliminated until a method of applying the ex- 
tended three-moment equation to a structure like a fuselage side 
truss has been developed. When that has been done, and 


efforts to this end are being made, a more rational solution of 
the problem can be developed. Until then, the method pro- 
posed here may be taken as a preliminary step in this direction 
and should give very reasonable results. 
The chief alternative is to assume that all members subjected 


to side load have pin ends and to compute the bending moments © 


in them by the formulas of ‘Airplane Structures.” The ob- 
jections to that procedure would be: 


1 No computation would be made of the bending moments — 


imposed on adjacent members without side load due to the _ 


continuity of the structure. 

2 Members which probably have no point of inflection would 
not be detected, and would be designed for c = 2 instead of © 
c=1. 

3 The effect of the end moments in reducing the bending — 
moments near the center of the member would be neglected. 
Though this would be conservative, it would often be unneces- 
sarily so. 

These objections are quite as weighty as those against the pro- 
posed method. 

In Fig. 39, the fixed-end moments are computed for the dead 
loads between panel points, and the moments at the ends of all 
members are determined from these by the usual Hardy Cross 
method. The results of those computations are used to draw the 
moment diagrams (Fig. 40) in which the ordinates are shown on 
the compression side of the member. The margins of safety are 
found for several representative members as shown below. 

Member 2U-4U is subjected to an axial tension of +3260 and 
a concentrated side load. The maximum moment is —513 at 


1 
os = 12,980 lb per sq in. 


~ 0.03948 
<= 


3260 
———_ = 24,400 = 
0.1336 
ft = 37,380 lb per sq in. tensile stress 


Assuming allowable stress for combined bending and tension 
= 80,000 lb per sq in., 


,000 
Margin of safety = ram —1 = +1.15 


 Messber 6U-7U is a tension member. Obviously, the moment 


at the right end of the member is maximum. Hence the pro- 
cedure is the same as for 2U-4U, and the margin of safety is 
+14.8. 

Member 5U-5L is subjected to a compressive load of —5216 
lb and end moments as shown in Fig. 40. These end moments 
are opposite in rotation, so there are no points of contraflexure 
in the member. 

From ‘Airplane Structures,” we find L/j = 3.96 for a 1!/, 
by 0.49 member. This value is too large, since it is greater than 
mw. Moreover, there are no points of inflection, so that we are 
not justified in using a length of less than 54 in. It would seem 
most logical to redesign the member so that L/j < a, as sug- 
gested.?° 

In practise it would be necessary to select a larger member and 
re-figure all end moments by the Hardy Cross method, since the 
larger strut would have a different stiffness factor. 

Suppose we next try a 15/s by 0.049 member, and assume for 
the purposes of this illustration that a redistribution of moments 
gives M, = —165 and M, = —155. (Transforming the signs to 
agree with those used in the formulas of “Airplane Structures.’’) 

For these conditions, L/j = 2.64, and from case A of ‘‘Airplane 
Structures” it is found that the maximum moment of —645 
in-lb occurs at a point penemneiiadi 27 in. from the bottom end 


of the strut. 
645 


At this point: 

M, sec x/j 

645/0.0928 = 6,950 

5216/0.2426 = 21,500 
= 28,450 

6950/28,450 = 

= 97 


_ Allowable stress from Fig. 11 of Bulletin 7-A = 37,000 
_ Margin of safety = 37,000/28,450 — 1 = +0.30, 
or +30 per cent 
Member 4U-4L: This member is subjected to a compressive 
load and counter-clockwise moments at each end. The latter 
cause a point of inflection approximately 20 in. from 4U, as 
shown by Fig. 40, and it would seem reasonable to use Li = 
38 in. + 20 in./3 = 44.7 in., or 45 in., say, measured from 4L. 
This is more conservative than using 0.7L, since the latter would 
give Li = 40.6 in. 
For L; = 45in., Li/j = 2.4, and since this is greater than 1/2: 


__ 805 
sin Li/j 0.6754 


0.244 


= 1190 in.-lb 


0.753 
116.5 


Allowable stress from Bulletin 7-A = 51,000 
Margin of safety = +2.2 per cent 


Member 4L-5L: This member is acted on by an axial com- 
pressive force, end moments of opposite rotation, a concentrated 
side load, and a uniformly distributed side load. For this mem- 
ber L/j = 2.525. Since this value is less than x, combined 
formulas from cases B and E of “Airplane Structures’? may be 
used to compute the moments at several points and draw the 
moment diagram. Points on the moment curve are shown in 
Table 2, in which z is the distance from 4L. 

Points of inflection occur at z = 13.4 and z = 23.9. The value 
of L; is first assumed as 15 in. (estimated from the fact that z = 


20 A similar computation would also show the necessity of re- 
designing 3L-4L. 
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Member 5L-6L: This mem- 


ber is also a compression strut 

acted on by end moments of op- 

trated side load. 
Since L/j = 3.66, which is : 

greater than x, the method of at- = 

tack used for member 4L-5L ne 

cannot be used. Owing to the “s 

continuity of the structure, it Sy 

of inflection moved only one- 

third of the distance from their : 

to the ends of the member. Then 

the central part of the member | 


posite rotations and a concen- - 
might be assumed that the points 
locations as indicated on Fig. 40, 
could be treated as a beam 25.6 


in. long with a load of 310 lb 
located 8.25 in. from one end and 
with noend moments. For this 
beam L/j would be only 2.60, 
and the formulas of “Airplane 
Structures” could be used to 
determine the moment at the 
concentrated load. For this case 
we obtain Mmax = 432 in-lb. 
Then 


fo = 432/0.02474 = 17,500 
fe = 3700/0.10611 = 34,800 


= 52,300 

r = 0.341 

Li/r = 75 

F, = 51,000 


Margin of safety = — 0.024, 
or —2.4 per cent 


This is evidently less con- 
servative than the method used 
for member 4L-5L, since that 
method would have involved the 


: _ use of a member with L/j less 
2 1 than It is difficult to say 
wx (Iex)" dx Q wx (Lex) dx 


\ 2 which method gives results more 


0 the case. Since there are sel- 
General Case--Any Loading dom many members with side 
Fic. 41 loads applied to them directly, 
it would seem desirable to use 


TABLE 2 2 POINTS | ON THE MOMENT CURVE | 


TO Ted the more conservative method illustrated first. 
>: 7 a) a It will be apparent that there is no necessity for using much : 
5. rn Par accuracy in distributing moments by the Hardy Cross method, 
ne a = a: especially in the earlier trial designs. Even in the final design, 
ad = a ue + 2490 (concentrated side nee 7 the necessity of using more than three or four cycles is somewhat 
(end 5L) questionable. 


The foregoing examples are intended as illustrations of the 
13.4 to first point of inflection). The maximum moment for this general method of attack. It is felt that this is a step in the 
case is —3704 at 4L. Using these values, it is found that the right direction, and it is hoped that others will be sufficiently 


margin of safety is —39 per cent. interested to develop it still further. 
Li is next assumed as 12 in., which is somewhat in excess of 
the distance between the two computed points of inflection. Conciusion 
_ The maximum moment in this part of the span is +2490 under The Hardy Cross method of analyzing continuous frames by 


the concentrated side load. For these conditions the margin of moment distribution has been received with widespread en- 
safety is —25 per cent. Since these margins are negative, aheavier thusiasm by structural engineers. It is hoped that some of this 
member should be used and new computations made throughout. _ interest will spread to the aeronautical field. One aeronautical 
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engineer?' has pointed out in discussion of the Hardy Cross paper 
that the method is of particular value for making rapid com- 
parative studies of continuous closed frames, for assisting in 
digesting test results, and for solving other complex problems 
encountered in airplane design. 

This method is not claimed to be the most practical for analyz- 
ing every structure encountered in design, but it is felt that its 


Appendix A 
Sign CONVENTIONS 


Sign conventions are often the cause of great confusion, es- 
pecially to the person unfamiliar with slope deflection or other 
methods of solving statically indeterminate structures. Since 
the use of correct signs for moments is very important in the 
Hardy Cross method, it is believed advisable to elaborate on 
the brief definitions given at the beginning of this paper. 

1 Positive and Negative Moments. Fig. 42 will help the 
reader to visualize the following steps: 

(a) Consider that all members intersecting at joint B have 
been cut off an infinitesimal distance away from the joint. (The 
distance is of course exaggerated in the sketch.) 

(b) Let the reader imagine that he is standing on joint B and 
is keeping member BA in equilibrium by exerting a moment 
couple on the end of the cut member. Obviously he must exert 
compression on the side where the beam fibers are in compression 
and tension on the opposite side. In this case, he must exert 
a clockwise moment couple on the end of BA. If he now turns 
toward joint C, he must exert a counter-clockwise moment couple 
on it. From the definition: 

If he exerts a clockwise moment couple on the end of the 
member, the moment is positive. 

If he exerts a counter-clockwise moment couple on the end of 
the member, the moment is negative. 

Hence, the signs of the moments at A, B, and C are as shown 
in the sketch. 

2 Joint Rotation. Joint rotation angles are not used in the 
moment-distribution method proper. However, the slope-de- 
flection equations are used in the derivation of several formulas 
in this paper, so the sign convention for joint rotation is given 
to help the reader in following the steps of the derivations. 

Referring to Fig. 42, when the load was applied to beam BA, 
the effect was to apply a counter-clockwise moment on the end 
of beam BC, which caused the tangent to the elastic curve of 
this beam to rotate counter-clockwise also. By definition, this 
rotation was negative. 

The moment at BA is positive under these conditions, because 
it is resisting the load. If the load were removed, the beam would 
deflect upward and the positive moment Mia would rotate the 


21 See —— by Elmer F. Bruhn, Trans. A.S.C.E., vol. 96, 


1932, p. 22. 


tangent to BA in a positive clock- 
wise direction. 


Discussion oF Sign Con- 
VENTION 


The sign convention which 
Professor Cross used in his paper 
was one with which structural 
engineers are ordinarily most 
familiar—i.e., a positive mo- 
ment ca uses compression and 
a negative moment causes ten- 
sion in the top fibers of a beam. 
For columns he suggested turn- 
ing the drawing clockwise 90 deg 
and treating them as if they were 
beams. 

The advantages of this system 
in the analysis of ordinary rec- 
tangular building frames are ob- 
vious. The disadvantages are 
more apparent when one tries to 
use it on a frame where members 
meet at various angles. The 
checking of a joint to see that 
the moments are in equilibrium — 
is somewhat difficult, especially — 
if there happen to be more than 
four members meeting at the 
particular joint. Care must also 
be used in determining the un- 
balanced moment at a joint | 
where more than two members 
meet. 

Hence, it has seemed to the 
author that the Wilson sign con- 
ventions”? adopted for this paper 
are in general more satisfactory 
and less likely to lead to confusion, in that they automatically 
care for the sign of horizontal, vertical, and diagonal members. 
The checking of joints for equilibrium and the determination of 
unbalanced moments are facilitated, since the moments at a 
joint can be added algebraically. If the algebraic sum is zero, | 
the joint is in equilibrium; if the sum is not zero, there is an 
unbalanced moment. A further although perhaps less impor- 
tant advantage of using the sign conventions selected for this 
paper is that multiplying by a carry-over factor of +'/: instead 
of —/, allows less chance for error in computations. 

In their text, “Statically Indeterminate Stresses,” Parcel and 
Maney use sign conventions which are the reverse of those used 
by Messrs. Wilson, Richart, and Weiss. The choice between 
these two is largely a matter of personal preference. 

It should be noticed that it is more satisfactory to transform — 
both the Wilson and the Parcel and Maney sign conventions to © 
the convention used by Hardy Cross before computing bending © 
and shearing stresses. This transformation will be greatly — 
facilitated if a rough sketch is made for each member showing 
the moments and forces acting on it. a 

® 


Appendix B 


Frxep-Enp Moments, Carry-OverR AND STIFFNESS FACTORS © 


Fixed-End Moment for Member Having Constant J: Fixed- 
end moment was defined at the beginning of this paper as the 


318 
| | 
— 
[omy 
ia 
~ 
<=, 
Fic. 42 
= . advantage over present methods is quite marked for many type: 
° 
cs 
= ny 
x | 
= 


moment which would exist at the ends of a loaded member if 
those ends were held rigidly against rotation. These fixed-end 
moments for a beam of constant J can be found for different types 
of loadings in numerous texts or handbooks,?* since they are also 
used in the slope-deflection equations. They can also be found 
quite readily by applying the three-moment equation and solv- 
ing for the two unknown end moments or they can be determined 
by use of the M/EI diagram. 

The latter method is applied to a uniformly loaded beam such 
as that shown in Fig. 3 as follows: 

Area of the M/EI diagram for uniform loading is WL*/12EI/ 
(the area under a parabola of base L and maximum ordinate 
WL/8EI). Then the slope of the tangent to either end of the 
curved beam is numerically equal to the shear at the end when 
the span is loaded with the M/EI diagram. That is, @. = 

6. = WL?/24EI. To fix the ends in a horizontal position it 
is now necessary to apply a counter-clockwise moment at A 
and a clockwise moment at B, such that the ends will be rotated 
through an angle — 6. = +6. The M/EI diagram, when only 
the end moments act on the beam, will be a rectangle of height 


= and length L. Hence, 

6 —MoL WL? 
2  24E7 


and 


—WL 
Ma 


also 


Me 


23 References are ‘Structural Theory,’ by Sutherland and Bow- 
man, p. 191, and ‘Stresses in Framed Structures,’’ by Hool and 
Kinney, p. 485. (See also Fig. 41.) 
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The fixed-end moments can be worked out for other loadings 
in the same way. 

Carry-Over Factor for Member Having Constant 7: As 
previously stated under “Definitions,” the carry-over factor for 
a beam fixed at A and simply supported at B is the ratio Mas/Movs 
and is equal to +!/2 for straight beams of constant section. 
This relation can be found from the three-moment equation, 
by use of the M/EI/ diagram or from the slope-deflection equa- 


tions. By the latter method: ere 
Ma = 2EK(26. + 6 — 3R) 
= 2EK(20, + 0. — 3R) 


If the fixity is at end A, 6 = 0. R = 0, since there is no 
movement of supports. Whence Ma/Mta = +'/2. 

Fixed-End Moments and Carry-Over Factors for Members 
Having Varying Moments of Inertia: A structure made up 
of members in which the moment of inertia varies from point 
to point along the span is quite complicated to analyze by 
any of the methods proposed so far. The Hardy Cross method 
can be advantageously applied to this type of frame, although 
considerable labor is involved in obtaining the required fixed- 
end moments, stiffness factors, and carry-over factors. In the 
general case, where the member not only has a changing cross- 
section, but also is unsymmetrical with respect to loading and 
form, it is necessary to find a fixed-end moment, stiffness factor, 
and carry-over factor to use with each end of the member, a 
total of six constants for the beam. 

No attempt will be made in this paper to present the method 
of determining these constants. The reader is referred to a very 
able presentation offered in discussion of the Hardy Cross paper 
by A. W. Earl (Trans. Am.Soc.C.E., Vol. 96, 1933, p. 112). A 
somewhat different method was proposed by Prof. George E. 
Large in discussing the same paper (Trans. Am.Soc.C.E., Vol. 
96, 1933, p. 101). 
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The Principles of Underfeed Combustion and 


Underfeed Fuel Beds’ 


This paper is based on investigations conducted at the 
Pittsburgh Experiment Station of the U. S. Bureau of 
Mines. It shows that in underfeed burning the factor of 
rate of ignition is much more important than it is in over- 
feed fuel beds and that it fixes limits to the outputs that 
can be obtained. It uses the principles determined from 
the experimental results to interpret the much more com- 


HE purpose of this paper is to pre- 
sent the results of an investigation 
conducted at the Pittsburgh Ex- 

periment Station of the U. S. Bureau of 
Mines. It is one of a series of studies 
which have been made by the bureau on 
the burning of solid fuels to obtain mea- 
sures of the actions which occur in fuel 
beds, in the burning of fuel and the 
clinkering of its ash. When the investi- 
gation was started, it was intended to 
restrict it to a study of the effect of 
preheat; however, as preheated air is 
more commonly used with underfeed 
stokers, it was necessary to include underfeed burning in the 
investigation, and this then became its major feature. 

Because the two types of tests were interlocked, it is not con- 
venient to separate them entirely in this report; the study on the 
effect of preheat on overfeed fuel beds will be treated first, and the 
effect of preheat on underfeed fuel beds will be included with the 
report on underfeed combustion. 


P. NICHOLLS 


EFFECT OF PREHEAT ON OVERFEED FUEL BEDS 


The objects of the investigations were restricted to studies 
of the effect of preheated air on the combustion in the fuel bed, 


i Published by permission of the Director, U. S. Bureau of Mines. 
(Not subject to copyright.) 

? Supervising fuel engineer, Pittsburgh Experiment Station, U. S. 
Bureau of Mines. Percy Nicholls was graduated from Leeds Uni- 
versity, England, and later was awarded National and Whitworth 
scholarshipsin engineering. His earlier association was in mechanical 
and electrical work with the Westinghouse, Western Electric, and 
General Electric companies, followed by positions as engineer of 
works for manufacturing concerns. He became interested in heat- 
transmission research and heat insulations and is the author of a 
number of papers on these subjects. In 1925 he joined the Bureau 
of Mines, and has presented papers on fuel utilization and allied 
subjects. 

3 Associate fuel engineer, Pittsburgh Experiment Station, U. S. 
Bureau of Mines. Mark G. Eilers was graduated with the degree of 
Chemical Engineer from the University of Notre Dame in 1919, 
following which he entered the employ of the Rochester Gas and 
Electric Corporation at Rochester, N. Y. For three years he was 
engaged in laboratory work in connection with plant problems, and 
subsequently for a period of eight years acted in the capacity of as- 
sistant operating engineer supervising operation in the coal-car- 
bonization plant for the same company. In 1930, Mr. Eilers joined 
the Fuels Section of the U. 8S. Bureau of Mines at Pittsburgh. 


By P. NICHOLLS? ano M. G. EILERS,* PITTSBURGH, PA. 


the Effect of Preheated Air on Overteed | 


plex action in fuel beds of commercial underfeed stokers. 
It also shows what effect preheated air has on overfeed 
and underfeed fuel beds and how this preheat is utilized. 
The results from burning a number of fue!s on the under- 
feed principle, both without and with preheat, are given. 
The variables investigated were kind and size of fuel and 
rate and temperature of the air supplied. 


and did not include the economy or de- 
sirability of preheat or even its effect on 
combustion above the fuel bed, except as 
far as the latter can be deduced from the 
composition and temperature of the gases 
leaving the fuel bed without and with the 
use of preheated air. 

Although there have been numerous 
papers and reports on the effect of preheat 
on the over-all operation of furnaces and 
on economy, no record was found of any 
detailed studies of its effect on combustion. 
Reports have referred to the. increased 
clinker formation caused by preheat, and 
the limiting of preheat temperature because of clinker troubles or 
increase in the cost of upkeep of the stoker parts, but it can 
be understood that there would be little opportunity to measure 
the effect of preheat on combustion in the fuel bed. 

The over-all effect of the preheat on a fuel bed is given by the 
change in the composition and temperature of the gases leaving 
the bed. It can be predicted that the rate of reaction in the 
bed will be increased and that, as a consequence, the rate of 
burning will be increased for the same rate of air supply. If 
a fuel bed is deep enough, the endothermic reaction of the con- 
version of CO, to CO occurs. If the formation of CO is increased 
by the preheat, then some of the sensible heat of the preheated 
air will be absorbed, and the increase in temperature of the gases 
leaving the fuel bed will be less than that which would be com- 
puted from the preheat added; of course, even supposing there 
were no increase in CO, the increase in temperature of the hot 
gases would be less than that of the preheat because of the in- 
crease in the specific heat of gases with temperature. 

A further cause for the loss of some of the preheat will exist 
if the clinkers or ashes leave the system at a higher temperature 
than they would without preheat. 

It was evident that the differences in the quantities to be 
measured would be small, so that all auxiliary conditions of test 
would have to be identical, while measurements must be accurate. 
Even with the closest regulation it is very difficult to get two 
burnings to give exactly the same result, particularly with fuels 


M. G. Er 


Presented at the Semi-Annual Meeting, Chicago, IIl., June 26 to 
July 1, 1933, of Tae AMERICAN SocrETy oF MECHANICAL ENGINEERS. 
Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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was of welded construction with refractory lining. 
- was 20 in. in diameter and 44 in. high from the grate bars. 
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which cake. Considerable experience had been obtained in the 
study of fuel beds in connection with the determination of the 
combustibilities of cokes;* also, coke forms the main part of the 
bed, even when burning coal. It was therefore decided to fol- 
low the same method and, as a beginning, to use coke as a fuel, 
as the principles involved could be more easily determined and 
better illustrated by a fuel free of volatile matter. 

Apparatus Used. Fig. 1 shows the set-up used. The furnace 
The inside 
There 


26 1/,-in. pipe sampling holes at 1'/,-in. intervals from the 


grate level 


these being scattered round the circumference. 


_ The air was supplied by a fan capable of giving 9 in. of water 
Premix burner Aur 
CH 


3,4 


1 Fire brick 
laid fat 


Plan of counterfiow air preheater 


Motor-driven fan 
Manometer 
Gate | | 
(@\ damper Orifice = 


Sampler and 
temperature 


Air straightener 


Fic. 1 Apparatus USED IN THE TESTS 


pressure; the air passed through a measuring orifice and the 
quantity could be closely regulated. The preheater was built 
specially for these tests, and was designed to give up to 1000 F 


of premix gas-burners were used; the gas was burned in a com- 
bustion chamber with checker-brick to avoid flame impingement 
on the preheater tubes. The temperature of the hot gases was 
controlled by the addition of air, so that it would be the mini- 
mum above the preheat temperature. The air leaving the 
preheater passed through a mixer before entering the ashpit. 
Its temperature was measured by a shielded thermocouple at a 
position of high velocity. 

The bureau’s standard water-cooled gas samplers were used for 
inserting into the bed through the various sampling holes. Fuel- 
bed temperatures were taken by optical pyrometer. 
samples and temperature observations were taken at 1 in. 
distance from the vertical axis of the furnace. Other instru- 
ments and measurements were of standard type. 

Test Procedure. Because the procedure was essentially the 
same as that used in the combustibility tests already referred to, 
it will not be described in detail. A very rigid specification was 
followed to insure duplication of conditions. It consisted in 
building up a fuel bed to a 24-in. depth, allowing it to come to 
equilibrium of burning, and then maintaining it at that depth 
during the period when measurements were taken. 

Three complete sets of gas samples and other measurements 
were taken during one test, and the bed was frequently restored 
to its standard condition at fixed times. The samples were taken 
one at a time, starting at the top of the bed, so that the part 
below the sampling position was not disturbed previous to the 
taking of the sample. 


* Nicholls, Brewer, and Taylor, ‘Properties of Cokes Made From 
Pittsburgh Coals,” Proc. A. G. A., 1926, pp. 1129-1143. Nicholls, 
P., ‘Study of Cokes From Various Types of Plants Using Pittsburgh 

A. 1928, pp. 1127-1136. 


All gas 


The coke used was made by the Philadelphia Coke Company in 
Koppers ovens, using a mixture of 80 per cent Powellton seam 
coal and 20 per cent Pocahontas coal. It was crushed and care- 
fully screened to 1 to 1'/,-in. square mesh. Its analyses and 
properties were: 


oa Proximate analysis, per cent: 


Moisture ; 
Fixed carbon 
Ultimate analysis, per cent: 


Carbon... 


Nitrogen. 
Sulphur.. 
Ash .4 
Softening temperature, F A 27: 


Oxygen... 
Weight per cu ft of 1 to 11/2 in. size, Ib 


cr 
) 


Results of Tests. Four air temperatures were used, 80 (normal), 
400, 600, and 800 F. Fig. 2 shows the values of the CO,, CO, 
O., and N; in per cent by volume against the height of the fuel 
bed, and also the temperatures by optical pyrometer. Each 
point is the average of the nine sets of readings. A few gas- 
analysis values were rejected because they showed internal evi- 
dence of errors in the sampling or the analysis. The water vapor 
is not plotted; from the analysis of the coke its value would be 
0.7 per cent by volume. It is also possible that some producer 
action of the water vapor in the air and from the coke had oc- 
curred; it was not considered worth while to include the extra 
precision and labor necessary to check these factors. The parts 
of the curves in the first 1/2 in. of the bed below the first sam- 
pling position are drawn arbitrarily. The largest variations be- 
tween individual observations occurred with the first two sam- 
pling positions, because these are most affected by pieces of clin- 
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ker, although the attempt was made to remove the clinker each 
time the bed was brought back to standard. 

The figure shows that the preheat caused larger differences in 
the reaction in the lower part of the bed and that it increased 
the rate of reaction. 

The temperature observations were, as usual, the weakest 


part of the measurements. At best, they are the temperature 
of the coke surface, and the optical pyrometer will show large 
variations over the small area which is seen through each hole; 
several readings were taken at each observation and the re- 
sults averaged. The dip in the temperature curves at 12 in. 
height shows a drop in temperature which should not occur and 
is due to conduction to the walls or by convection of cooler gases 
from the walls. 

The figure shows that the preheat is used partly in increasing 
the CO reaction and partly in raising the temperature. Com- 
paring the values for 80 and 600 F at the 15 in. height, com- 
putations show that about 45 per cent of the preheat was used 
in the conversion of CO, to CO and 55 per cent in increasing the 
sensible heat. The curves of Fig. 2 are based on the test points; 
computations show that from the heat balances the 600 F 
curves should be closer to the 400 F curves. 

Fig. 3 shows the total carbon and hydrogen content of the 
gases per pound of air; the rate of burning is proportional to the 
carbon content; the dotted line will be referred to later. 

The results illustrate the principles of the effect of preheated 
air in a thick fuel bed. One could deduce the order of the effect 
on a 10-in.-deep fuel bed; for example, by taking the values at 
the 10 in. height. The actual values by gas analysis and by 
temperatures would be somewhat lower, however, because of 
the loss of heat by radiation from the top of the bed and by the 
quantity of heat required to raise the temperature of the incoming 
coke, assuming that it is fed in continuously at a rate equal to 
the rate of burning. 

The values given in Figs. 2 and 3 are based on samples and tem- 
peratures taken at the center of the bed, and therefore depict 
the actions in a uniform bed free from holes or cracks or the effect 
of side walls. In service these factors are always present and re- 
duce the average combustible in the gases below that which would 
be predicted for a given depth from Fig. 3; also, ash and clinker 
would always be present in service and would increase the apparent 
depth. One can, however, use Fig. 2 to predict with fair accuracy 
the relative rate of burning that will result from the maintenance 
of various depths of fuel bed. 

Further Work With Preheat. The investigation could have 
been extended to obtain actual values with normal depths of 
fuel beds; there would be no object in doing this for cokes, but 
it could have been done for coals. Preheat is but little used with 
the overfeed type of fuel bed. Such tests with caking coals 
would necessitate introducing the factor of breaking up the fuel 
bed, and this operation is difficult to standardize, so that the 
accuracy of results is affected. If such tests had been made, 
it would probably have been of most practical value to have 
used fuels high in moisture. However, it was not considered 
worth while to extend this phase of the investigation, but rather 
to study the effect of preheat on the burning of bituminous 
coals on the underfeed principle. 


UNDERFEED BURNING 


Previous Work. The principles of overfeed or hand-fired 
burning are well understood, and there have been many in- 
vestigations of them. The fundamental ones are those made 
at the Bureau of Mines by Mr. Kreisinger and his coworkers.§ 


Although other investigators have not studied the actions at 


5 U. 8. Bureau of Mines Tech. Papers 137 and 139. 7 
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different heights in the fuel bed, yet all tests of domestic and other 
small types of furnaces yield over-all data on the principles of 
the burning of different fuels, but relatively rarely has the effect 
of secondary air, supplied purposely or by leakage, been elimi- 
nated. The investigation made by the bureau on the burning of 
coke® extended the study of overfeed fuel beds to the effect of 
the size of free-burning fuels on characteristics of combustion. 
A similar investigation has been completed for anthracites. 

No corresponding studies have been published of the prin- 
ciples of underfeed burning. There have been investigations of 
some details of the combustion with underfeed stokers, but 
these give little information on the action in the bed. Mr. 
Bert Houghton’ removed a section of fuel from a retort and by 
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Fic. 3) OverFEED-BURNING, H1GH-TEMPERATURE COKE. EFFECT 


OF PREHEAT ON ToTAL COMBUSTIBLE IN GASES 


analyses of various sections determined how far the fuel had been 
consumed. The composition of the gases arising from the fuel 
bed at various locations has been studied by others. The 
progress of combustion on a chain-grate stoker was rather 
ingeniously examined recently by J. D. Maughan,® who fed in 
a wire screen with the coal and, when it completely covered the 
grate, quickly withdrew it and quenched the fuel. Analyses 
of various sections through the bed showed the distribution of 
the fixed carbon and volatile remaining. 

Types of Fuel Beds. Although the term “underfeed fuel 
bed”’ is used in this report, yet the same principle of combustion 
occurs in beds to which that term would not apply. The 
term “up-burning”’ is sometimes used, but that also is not com- 
prehensive enough. It is therefore worth while to review various 
types of fuel beds and to connect them with the principles they 
include. The discussion which follows may be considered some- 
what elementary, but at least it insures clarity of thought. 

The type of a fuel bed is fixed by the absolute direction of 
flow of the fuel and its relative flow to the air; both fuel ard 
air can be constrained to move in any direction desired. The 
ash will flow in the same direction as the fuel, independent of grav- 
ity, unless it becomes fluid, when gravity and the temperatures 
of the zones it flows into will influence its motion. 


6 U. S. Bureau of Mines Report of Inv. 2980. 
7 Houghton, “The Burning of Bituminous Coal on Large Under- 
feed Stokers,”’ Int. Conf. on Bit. Coal, 1931, vol. 2, p. 282. 


— 8 Grumell, E. S., Jour. Inst. of Fuel, vol. 5, Aug., 1932, p. 366. 7 | 
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Fig. 4 shows six of the possible types. Type A, representing 
hand firing, is of the overfeed principle. Type B shows what 
we have termed the “‘unrestricted-ignition underfeed” principle. 
Type C evidently is the same as B in its combustion principles, 
but differs in the ash disposal; it is illustrated by the Hawley 
down-draft heating boiler. Type D, as representing a traveling- 


grate stoker, is of interest; the length U of the fuel bed is burning 
on the pure underfeed principle; the length O is burning on the 
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overfeed principle; and some unknown length P is in what we 
have termed the change-over state—that is, the burning is ad- 
justing itself because of the cessation of the ignition action. 
Type E, as represented by the burning in a Molby heating 
boiler, has some of the underfeed principle at the upper part. 
Type F represents the pot-type stoker; the burning will be of 
the underfeed type with restricted ignition. 

Pure Underfeed Burning. The term “unrestricted-ignition 
underfeed”’ burning implies that with a fixed rate of air supply 
there is no imposed restriction which limits the rate at which 
fresh fuel may be ignited; thus in type B of Fig. 4 the fuel is free 
to ignite and the level of the line of ignition will rise or fall as the 
rate at which the coal is pushed in is greater or less than the rate 
of ignition. In type D there is no imposed condition limiting 
the rate at which the fuel in the length U can ignite, and un- 
restricted-ignition underfeed burning results, but as soon as the 
line of ignition reaches the grate bars, the type of combustion 
changes. 

The rate of ignition in type F is controlled, and it can only 
conform to the definition of unrestricted-ignition underfeed 
burning when the rate of coal feed is equal to or greater than the 
rate of ignition; in addition, the burning is not completed in the 
pot. The same arguments would apply presumedly to all larger 
underfeed stokers, with the addition that the motion of the fuel 
may be much more complex. 

Equilibrium Fuel Beds. The term “equilibrium fuel bed” 
is used in connection with the experimental work and requires 
a definition, although the term is self-explanatory. It is used to 
define a fuel bed which, for a constant rate of primary air, main- 
tains the same character of combustion and thickness. 

In the overfeed, type A, the bed will be in equilibrium when 
such a thickness is reached that the rate of burning is equal to the 
rate of fuel feed. In the underfeed, type B, the bed is in equi- 
librium when such a thickness is reached that the rate of burning 
is equal to the rate of ignition; if the rate of fuel feed in type A 
or the rate of ignition in type B is greater than the rate of burn- 
ing, then the thickness of both beds will increase indefinitely. 

Method of Test Discussion. Evidently it was desirable to 
attempt to determine some of the fundamental principles of 


underfeed burning—that is, to study a fuel bed as represented 
by type B of Fig. 4. The use of a bed such as type F would 
correspond more nearly to practise, but it would be difficult, 
if not impossible, to separate the fuel characteristics from the 
conditions imposed by the particular design of pot used. It 
was preferable to have a furnace such as type B in which both 
the fuel and air would be fed from the bottom and a number of 
schemes were considered. One of the requirements was that the 
fuel should be fed uniformly over the area of the bed, which would 
be difficult to insure without considerable expense of construction. 
Finally, the same method was adopted as was used in a previous 
investigation on clinkering.® 

The method consisted in starting with a deep bed of fuel and 
igniting it at the top. This gives a true underfeed burning and 
restricts the factors affecting the combustion to the fuel and the 
rate of air supply; for fundamental studies it has the further 
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advantage that the fuel is stationary. It has the disadvantage, 
compared with forcing the coal in and keeping the burning zone 
at one position, that the cooling effect of the refractories is 
greater. 

Successful operation when burning caking coals in underfeed 
stokers is dependent on the breaking up of the caked or coked 
fuel. This is a necessity in practise, yet it introduces a variable 
that is difficult to control. Although it was recognized that the 
caking would seriously affect the burning, it was nevertheless 
thought advisable to make the first series of tests without dis- 
turbing the fuel bed in any way; so doing gave truer measures 
of the fuel characteristics. Knowing these characteristics, 
the breaking-up factor could be superimposed in other tests. 

Apparatus. The set-up was essentially the same as shown in 
Fig. 1 except that a water-cooled cone with chimney was used 
as a top cover to collect the gases so that average samples could 


® Nicholls and Selvig, ‘“‘Clinker Formation as Related to the 


Fusibility of Coal Ash,”’ U. 8. Bur. of Mines Bull. 364, p. 50. ¥ 
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be obtained; 
leakage and for ease of removal. 
Fuel Bed and Observations. 
was arranged. 
of the fuel 42 in. 


this cover had a water seal for prevention of in- 


Fig. 5 shows how the fuel bed 
The diameter of the pot was 20 in. and the depth 
All fuels were carefully screened to definite 
size limits, and the furnace was loaded by small increments. 
Nine thermocouples of No. 28 B.& 8S. chromel-alumel bare wire 
were laid in as shown; the junctions were on the center line and 
were placed in a 1 in. length of small porcelain tubing. The 
exact height of each junction was recorded by measuring from a 
crossbar over the top of the furnace. The wires from the junction 
were run down so that the heat would strike the junction first. 
The couple leads went to a cold junction and thence to a switch- 
ing arrangement by which each could be connected to a portable 
potentiometer, or one or more connected to a recording potenti- 
ometer; usually only one at a time was connected to the re- 
corder. 

The fuel was ignited by means of a fixed weight of small- 
sized charcoal and petroleum coke, wetted with kerosene, which 
was spread over the top of the fuel. The cover was not put on 
until it was seen that there was even ignition all over the area. 

The air rate was maintained constant at a fixed weight of dry 
air, the pressure drop through the orifice being changed during 
the test for any material change in the air temperature or baro- 
metric pressure. Gas sampling was started after the cover was 
put on; the samples were taken continuously over periods of 
10 to 20 min, depending on the rate of burning. 

The top couple was connected to the recorder first. When 
the ignition line reached the couple, its temperature would be- 
gin to rise, and the record obtained gave a good measure of the 
progress of the ignition. When the temperature reached 30 
mv (1340 F), the couple was switched to the portable potenti- 
ometer, and the next lower couple was connected to the recorder. 

The progress of combustion was also recorded by observations 
through the 26 sampling holes in the furnace, and the time when 
the top of the bed or the ignition reached each hole could be 
very closely fixed. 

No samples were taken or temperatures measured in the bed 
itself during the regular tests, except that some special obser- 
vations were made of the top of the bed through the sampling 
holes in the cone cover. 

The tests with preheat were conducted in the same manner 
except for the preliminary period of bringing the whole of the 
fuel bed up to the temperature to be used. During this period 
the couple giving the temperature of the entering air and the 
couples placed at mid-height and at the top of the bed were put 
on the recorder to assist in avoiding excess heating of any part 
of the fuel. 

The test was continued until the fuel was consumed, except 
for some tests of bituminous coals in which the caking caused 
very uneven burning. The furnace was allowed to cool, and then 
the residue was examined and measures were taken of the ash, 
the clinker, and their combustible content. 

Data Obtained. All the main data were plotted against time 
as abscissa. Against height above the grate as ordinate were 
plotted the 30 mv position of the thermocouples in the bed and 
the level of ignition by observation; the slope of these lines gave 
the rate of ignition in inches per hour, and from the known weight 
per cubic foot of the fuel as placed in the furnace the rate of 
ignition in pounds per square foot per hour could be computed. 
The plot of the observed level of the top of the fuel bed on the 
same diagram gave the thickness of the ignited portion at any 
time. 

The flue-gas analyses were also plotted against time; from 
those and the known rate of air supply, the rate of burning was 
plotted. The integral of the rate of burning gave a computed 


value of fuel burned, which was checked against the known weight 
of the fuel fired, corrected for combustible in the residue and the 
fuel used for igniting the bed. 

Underfeed Burning of High-Temperature Coke. Coke is not 
burned in underfeed stokers, although it is reported to have been 
tried in small domestic pot-type stokers; also it has been burned 
on chain grates, and, as shown in Fig. 4, underfeed burning 
occurs in a portion of the bed. In spite of this lack of appli- 
cation in service, high-temperature coke was used for the first, 
and also the most complete, set of tests of underfeed burning. 
Coke is the most convenient fuel to use when investigating prin- 
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ciples of burning, because it eliminates the uncertainty of size 
of pieces that is present when one has to break up a caked or 
coked fuel, because the bed does not have to be disturbed by 
poking, and because the cost of the tests is very much reduced 
in that the gas analyses can be made in a much shorter time and 
in a water Orsat. 

The primary factors to be investigated were (1) rate of air 
supply, (2) size of coke pieces, (3) temperature of primary air— 
that is, preheat. A series of tests was therefore planned that 
would give enough data to permit of fairly complete plots being 
made; the first were made with normal air temperature. 

The high-temperature coke used in these tests was made from 
No. 8 Pittsburgh seam by the Lowell Gas Light Company in 
horizontal through retorts; its properties have previously been 


reported.'® Those of interest are: 
Ultimate analysis, per cent: 
0.6 
88.8 
Ash softening temperature, F.................... 2730 
Weight per cu ft of 1 to 1'/2 in. size, Ib.......... 26.8 
Pounds of fuel per pound of combustible, ratio.... 1.12 


The rates of combustion will be expressed in terms of the avail- 
able combustible in the fuel, as this eliminates the variations in 
the non-combustible. 

Variables of Rate of Primary Air and Size of Coke Pieces. 

1 Nicholls, Brewer, and Taylor, ‘‘Properties of Cokes Made From 


Pittsburgh Coal in Various Plants,” Proc. A. G. A., 1926, pp. 1129- 
1143. 
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The sizes of coke adopted as standard were those between the 
square-mesh screen sizes of '/, to 1, 1 to 1'/2, 1'/, to 2, and 2 
to 2'/2, all in inches. The air rates were kept constant during 
each test. 

To understand the meaning of the results it is better to con- 
sider first those for one size of coke. Fig. 6 shows plots of the 
data for coke of the 11/; to 2 in. size. It will require a detailed 
explanation and some study to interpret their meaning; be- 
cause the same method of presenting data is used for other re- 
sults, they will be discussed at some length. 

The abscissa is pounds of dry air per hour per square foot of 
grate surface. The left-hand ordinate scale is pounds of com- 
bustible (carbon + hydrogen) per hour per square foot of grate 
surface. The test points are shown, and the curves beyond the 
range of the points are dotted. The two main plots are the rate 
of ignition and the rate of burning of combustible. The light- 
line part cb ofthe ignition curve means that it is for ignition 
only; the heavy-line part bd means that it is part of both the 
ignition and the rate of burning curves. The rate of burning 
curve is thus abd. 

Considering these two curves, they show that at 100-lb air 
rate the rate of ignition is about 21.5 lb per sq ft per hr, but 
that the rate of burning is only 12 lb; therefore the coke at the 
bottom of the burning zone is being ignited at a faster rate than 
the coke above it is burning (being gasified); consequently, the 
thickness of the burning zone is increasing continually. At an 
air rate of about 200 Ib, the rate of burning is the same as the rate 
of ignition, so that the live-fuel bed will maintain a constant 
thickness. At air rates greater than 200 lb, the rate of burning 
could increase along a continuation of the line ab, but it cannot 
be greater than the rate at which the fuel is ignited, and con- 
sequently it does the best it can and follows the rate of ignition 
curve bd, which for this fuel increases a little at first, reaches a 
maximum at 250 lb of air, and then decreases with further in- 
crease of rate of air supply. 

The ignition curve indicates that at high air rates the rate of 
ignition tends to approach zero; results given later will show that 
this occurred in some tests and it was impossible to maintain 
burning. Such occurrences are a common experience and are 
usually spoken of as blowing the fire out. This falling off of 
the ignition curve was, as might be expected, more in evidence 
with the high-temperature coke than any one of the other fuels 
tested. The causes for this action are two: First, the fuel 
is ignited by the heat radiated from the hot fuel above; very 
little of the heating of the fresh fuel will be by conduction; at 
the same time the surfaces of the fuel are being cooled by the air 
passing over them and this will tend to counteract the heating by 
radiation, and after some unknown rate which will vary with the 
fuel and its size, the counteracting effect will increase more rapidly 
than the increase in the radiation due to a higher rate of combus- 
tion. The second cause is that the fuel bed gets thinner as the 
air rate increases; after some undefined thickness is reached, 
the temperatures through the bed will decrease, and consequently 
the radiation will be less. 

One curve in Fig. 6 shows the observed thickness of the live 
fuel bed. This thickness includes the clinker and unfused ash; 
the values given for this, and other curves which follow, were 
selected in the same manner from the plots of the observed 
values during the whole test. The full-line part of the curve 
covers the range in which the thickness is constant. One would 
expect that the observed thickness would increase with time 
because of the accumulation of clinker, but the increase was 
usually small compared with variation caused by the method 
of observation. For these equilibrium beds of constant thickness, 
a mean value was selected. 

The dotted part of the curve covers the range in which the 


thickness is increasing; the height of the bed when the ignition 
plane reached the grates is used for the thickness in this range. 

The two upper curves of Fig. 6 show the pounds of combustible 
in the flue gas per pound of air supplied, and the pounds of secon- 
dary air required for perfect combustion per pound of primary air. 
The secondary-air curve shows that secondary air would be re- 
quired up to a primary-air rate of 280 lb. 

The foregoing results and the interpretations of them relate to 
the condition of unrestricted ignition. Commercial underfeed 
stokers have restricted ignition in the sense that the rate at which 
the stream of fresh fuel passes into the primary-air stream can 
be controlled. It is worth while at this stage to consider how the 
data of Fig. 6 can be applied to restricted burning. The fol- 
lowing deductions refer to continuous operation with ability to 
restrict the rate of feed of the fuel. 

(1) To obtain the maximum rate of burning possible with each 
rate of air supply, the rate of feed must follow the curve abd; 
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no manipulation other than changing the area of the plane of 
ignition can make the rate of burning continuously exceed the 
values fixed by this curve. 

(2) The maximum rate of burning possible with this coke and 
this particular size is about 26 lb of combustible (or 29 lb of coke) 
per sq ft per hr, and no manipulation can increase it. 

(3) The equilibrium thickness of the live-fuel bed for rates of 
air supply above 200 Ib and for the corresponding rate of fuel 
feed fixed by the line bd will be those shown by the thickness 
curve of Fig. 6. The equilibrium thickness for air rates below 
200 lb and for the corresponding rates of fuel feed fixed by the 
line ba cannot be predicted from these tests; they will not be as 
large as the values indicated by the dotted part of the thickness 
line, but they will continue to increase with decrease of the rate 
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(4) An equilibrium fuel bed will result when operating at any 
point within the area enclosed by curve abd. An increase or 
decrease of the rate of feed, provided it does not cross the curve 
abd, will result in a gradual change to a new rate of burning and 
thickness of fuel bed corresponding to the new rate of feed. 

(5) If any increase in rate of feed crosses the curve abd, the 
rate of burning will not increase beyond that fixed by the curve 
abd; if it crosses the portion ab, the thickness of the live-fuel 
bed will increase continuously; if it crosses the portion bd, the 
thickness of the live-fuel bed will not increase beyond that for 
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bd, but the plane of ignition will gradually be raised by the un- 
ignited fuel below it. 

Fig. 7 shows the rate-of-ignition and rate-of-burning curves 
for the four sizes of coke when using air at 80 F; to avoid crowd- 
ing, the thickness of fuel-bed curves are shown in a separate 
plot, Fig. 8. The test points are shown, and it will be noted 
that fairly symmetrical curves can be drawn to fit the points. 

It is of interest that the rate-of-burning curves previous to 
their intersection with their individual rate of ignition curves all 
fall on a common curve which bends upward slightly for the 
smaller sizes, as would be expected from previous investigations 
on the effect of size. 

The figure shows that the rates of ignition increase rapidly with 
decrease in size, which is in agreement with common experience 
when starting a fire in one’s home furnace. The relationship, 
based on the points of intersection of the ignition and burning 
curves, is of the order shown by Fig. 9. 

If the air rates were carried high enough, the ignition curves 
may be expected to have a shape like that of the 2 to 2'/, in. 
size. An attempt was made to burn this size at an air rate of 
345 Ib. There was difficulty in getting the fuel to start burning; 
by using larger quantities of igniting fuel and reducing the air 
rate, it was ignited, but when the air rate was increased to 345 
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lb, the burning gradually decreased and finally the fire was 
extinguished. This showed that ignition could not be main- 
tained. 

With this fuel, the rates of burning that can be attained are 
yery much affected by the size of the pieces. With the 2 to 
2'/, in. size, the maximum rate of burning possible was 21 lb, 
whereas with the '/, to 1 in. size it was 48 lb. This shows a 
fundamental difference between overfeed and underfeed burning 
principles; in a hand-fired furnace any size of coke can be burned 
continuously at any rate by keeping the fuel bed deep enough. 

It must be remembered that the curves of Fig. 7 are for the 
conditions used in these tests and that the cooling by the side 
walls affects the results. It is not probable that it influences 
the rate of ignition materially, but it does lower the average rate 
of burning because of the poorer combustion at the sides. For 
an absolute value—that is, for a fuel bed of very large area— 
the rate-of-burning line ab would be swung somewhat to the left. 
However, it could never cross the line OC, which corresponds 
for this fuel to a dry-gas analysis containing only CO and N.— 
that is, one with the maximum carbon content. 

The curves for the pounds of secondary air required per pound 
of primary air are not shown, because this is fixed by the position 
of each rate of burning point on the plot. All points on the 
line OP have perfect combustion; those to the left of the line 
require secondary air, and those to the right have excess air. 
The scales on the top and sides permit of reading off the 
secondary-air requirement at any rate of burning. 
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It is worth while to grasp fully the meaning of the type of 
chart represented by Fig. 7 because it is used for all results and 
because it is interesting and informative. Considering the curves 
for one size of coke—the 1'/, to 2 in., for example—it has been 
shown that one can operate continuously anywhere within the 
area adc. Selecting, then, any point of operation—17.5 lb 
of combustible per hour and 200 Ib of air, for example—this 
point fixes the rate of combustion and the deficiency or excess of 
air. This is true independently of whether the fuel bed is in a 
good or bad condition, but it does not show how complete the 
combustion was; for-instance, the dry gas analysis for this ex- 
ample might be 20.9 CO, 0.8 CO, 0.0 O2, 79.2 N2, or it might be 
12.3 CO., 7.8 CO, 3.5 Os, 76.4 Ne. In the latter the oxygen is 
available, and whether the CO is burned will depend on the ac- 
tion in the combustion space. A fuel bed which gives the first 
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of the two analyses would be classed as being in a good condition 
because the loss of heat due to free combustible in the gases is 
reduced to a minimum; the second shows that there were holes 
in the bed or leakage at the sides. This is elementary and not 
novel; also, the same type of diagram could be used for over- 
feed burning. 

It is also necessary to define the terms “primary air’’ and 
“secondary air.” Primary air as used in this report means the 
air supplied below the bed. In the method of test employed, 
all the air passed through the plane of ignition and also through 
the whole of the live fuel, although even in these tests its dis- 
tribution over the area of the bed was not uniform. In stokers 
the distribution of the air is more complex, and at moderate 
ratings the plane of ignition not as definite; however, if a stoker 
operates continuously with the same shape of bed, then the rate 
of ignition, however we may define or explain that action, must 
be equal to the rate of burning. 


The secondary air in these tests is that which might be sup- | 


plied and mixed with the gases over the fuel bed. In a stoker 
some of the air supplied below the fuel bed may not pass through 
any fuel, so that, correctly speaking, it is secondary air. It 
seems to be the usual custom to apply the term “secondary air” 
only to that which is purposely supplied over the fuel bed and 
to that which leaks through the setting. 

If one assumes that in a stoker no air is supplied over the fuel 
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and that it is desired to have 20 per cent excess air in the flue 
gases, then one is limited to operating along the 20-per cent ex- 
cess-air line of Fig. 7. If all this air passes through the plane of 
ignition, the maximum rates of burning possible with each size 
is reduced to the value given by the intersection of each curve 
with the 20-per cent excess-air line. A higher maximum rate 
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of burning could be obtained with each size by passing a smaller 
weight of air through the plane of ignition and supplying some 
more as secondary air in its meaning as defined above. 

Fig. 8 shows the thickness of the fuel beds. It will be noticed 
that the curve for the '/; to 1 in. coke falls out of order. There 
are two factors which influence the thickness; one, the rate of 
ignition which tends to increase it, and the other, the rate of re- 
action which tends to decrease it with decrease in size. A 
previous investigation® shows that the second factor increases 
very rapidly for decrease in size belew 1 in. 

Effect of Preheating the Air on the Underfeed Burning of High- 
Temperature Coke. The air temperatures used were 80, 200, 
300, and 400 F. There was no necessity to test all sizes, because 
the characteristics will be similar; therefore only the 1 to 1'/, in. 
coke was used. 
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Fig. 10 shows the results; the lines OC and OP have the same 
meaning as in Fig. 7. The parts of the rate of combustion 
curves falling on the line ab are not materially affected by the 
preheat; because the same size of coke is used, ab has not an up- 
ward bend and is nearly a straight line to the origin. 

The rates of ignition increase rapidly with increase of air 
temperature. Fig. 11 shows the maximum values plotted against 
air temperature; at some higher temperature the curve would 
turn upward very rapidly because at a certain temperature, 
probably between 1100 and 1200 F, the coke would ignite 
spontaneously. 

Fig. 10 shows that preheat will have little effect on operation 
at rates of air supply below that at which the ignition curve meets 
the burning curve. Above the rate of air supply where the ig- 
nition curve for normal air temperature (80 F) meets the burn- 
ing curve (265 lb of air), preheat permits of large increase in the 
rate of burning with a given rate of air supply, but of course with 
the necessity of increasing the secondary air. 

The lower set of curves of Fig. 10 show the thicknesses of the 
live fuel beds, for which, however, there were not many test 
points. The full-line portion indicates that the burning is in 
equilibrium. The fact that for the same rate of air supply the 
thickness increases with increase in temperature of the air at 
first sight may seem an anomaly. The explanation is that the 
increase in the rate of burning that occurs with the preheat 
requires a thicker fuel bed for equilibrium burning; the increase 
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thus required is more than can be offset by the increase in the 
rate of reaction resulting from the preheat. Fig. 2 illustrates 
this, but to a different scale. 

Underfeed Burning Tests of Low-Temperature Coke. Low- 
temperature coke is a good example of a truly non-caking fuel 
with relatively high volatile content. The coke used was a 
fairly dense and non-fragile type; its properties were as fol- 


lows: 
_ Proximate analysis, per cent: 
ve Ultimate analysis, per cent: 
Nitrogen 1.5 
Oxygen 9.8 
Sulphur 0.9 
ao! Ash 10.9 
~ Weight per cu ft of 1 to 1'/2 in. screen size, Ib...... 28.3 
Pounds of coke per pound of combustible......... 1.25 


Ry 

The tests made were confined to the 1 to 1'/2 in. size. The 
main series were at increasing rates of air supply without pre- 
heat; these were followed by single tests at the same air rate 
but increasing preheat. 

Fig. 12 shows the results plotted in the same manner as were 
those of the high-temperature coke. The line OP, as before, 
is that of perfect combustion for a fuel with the foregoing analysis. 
The line OC shows the maximum rate of combustion. The 
rate of ignition curves for 210 and 300 F air temperature are 
each based on one test point, but their general shapes will be 
somewhat as shown. 

The plots do not differ in their general relationships from those 
of Fig. 10 for high-temperature coke, and the principles that 
would be deduced are the same. The slope of the rate-of-burning 
line ab is a little steeper than of Fig. 10; that is, the gases con- 
tain more combustible per pound of air; the main difference is 
that the rate-of-ignition curves are higher and do not fall off 
after they reach a maximum. The air rate was carried to 680 
lb to see whether the ignition would not fall off, but it did not; 
to have gone higher would have meant blowing fuel out of the 
bed. The interpretation of this is that the fire with this low- 
temperature coke cannot be extinguished as it could with the 
high-temperature coke. 

The increase of the rate of ignition by the same preheat was 
greater than that with the high-temperature coke. A test with 
an air temperature of 400 F was included, but the coke ignited 
spontaneously in the center of the bed. This does not mean that 
the average coke would ignite at this temperature, but that 
exothermic reactions occurred in some individual pieces. 

For the same air rate the thickness of the fuel bed was increased 
by the preheat, as it was with the high-temperature coke. 

Although this coke is easily ignited, yet the principle still 
holds that its rate of burning on the underfeed method did not 
exceed a certain maximum, which for this 1 to 1'/2 in. size, with- 
out preheat, is 49 lb of combustible per square foot per hour; 
for the high-temperature coke of the same size it was 35 lb. 

Underfeed Burning With Anthracite. A complete set of 
tests have not as yet been made with anthracite, but three dif- 
ferent kinds of anthracite were tested at one rate and without 
preheat to see if they would give their relative ignitibilities for 
use on another investigation. The size used was 1 to 1'/; in. 
square-mesh screen and the rate of air supply 240 lb of primary 
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air per square foot per hour. 
Table 1. 


A few of the results are given in 


TABLE 1 UNDERFEED BURNING, ANTHRACITES ; 

Item No. 1 No. 2 No. 3 

Volatile matter, per cent................. 3.2 3.8 8.3 

Fixed carbon, per cent................ ate 2.5 79.4 78.3 

11.0 13.2 12.2 

Weight per cubic foot, lb....... 53.0 51.2 46.3 
Primary air, sq ft per hr, Ib....... 240 240 245 

Rate of ignition, sq ft per hr, lb... 27.4 27.8 39.2 

Rate of burning, sq ft per hr, Ib........... 27.4 27.8 37.0 

Thickness of fuel bed, in.................. 15.0 15.7 10.5 


Anthracites 1 and 2 both burned with equilibrium fuel beds 
because in each test the rate of burning is equal to the rate of 
ignition. The rate of burning of anthracite 3 was less than its 
rate of ignition, and therefore the air rate was too low to give 
equilibrium. Fig. 6 shows that the same size of high-temperature 
coke also burned in equilibrium at the air rate of 240 lb and that 
the ignition and burning rates were 26 lb, which is a little below 
that of anthracite 1. 

This measure of ignitibility shows that No. 3 was 43 per cent 
more easily ignited than No. 1 or No. 2. These comparisons are 
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on the weight of combustible basis; to the eye the coke would 
appear to ignite 1.6 times as fast as anthracite No. 1; that is, the 
plane of ignition of the coke travels faster because of the relative 
densities and ash contents of the two fuels. 
Underfeed Burning With Bituminous Coals. It was realized 
that more difficulty would be experienced in obtaining reliable 
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data with coals which fuse and cake, but earlier tests? had shown 
that they could be burned with equilibrium fuel beds by igniting 
the bed at the top, provided the air rate was high enough and the 
coal of uniform size. 


COMBUSTIBLE VER SQ FT PER HOUR POUNDS 


THICKNESS OF FUEL BED, INCHES 


Thick Ness 


100 200 
PRIMARY AIK PER SQ. FT. PER HOUR. POUNDS 


Fic. 13 ILLINOIS CoaL, Wits oF 
Primary AIR AND Size aS VARIABLES 


The troubles caused by uneven burning that were encountered 
in the individual tests will not be described, but they can be 
summarized as follows. When burning at low rates of air supply, 
the plane of ignition advanced downward at such a rate that the 
tar exuding from the coal was not consumed, and thus it would 
tend to close up the air spaces, or the surface of the coal pieces 
would not be burned away fast enough to make up for the swell- 
ing, and consequently the spaces were closed. Either of these 
actions is cumulative, because, as the spaces started closing, the 
air would divert from the center, and thus the quantity of air 


TABLE 2 


Name, 
State..... 
County 


BITUMINOUS COALS USED IN UNDERFEED TESTS 


Illinois Pitteburgh Splint Westmoreland 

Illinois Pennsylvania Kentucky Pennsylvania 

Franklin Allegheny Harlan Westmoreland 
No. 6 Pittsburgh Pittsburgh 


Proximate analysis, 


Volatile matter. . 
Fixed car 


Ultimate analysis, 


w 


NNR 


value, Btu.. 
Softening 


F 
Weight per cubic foot, 
1 to 11/2 i size, lb... 44 


Pounds fuel 
pound of 1.37 220 


| 


passing through the center would be reduced; this further re- 
duced the rate of burning and allowed more olosing of the spaces. 
As the air rate was maintained constant, that passing up the 
sides would be increased, or sometimes a hole or channel would 
develop along the sides which might be straight, but usually 
had a somewhat spiral form. 

At some rate of air supply the bed burned uniformly and 
acted in the same manner as the cokes. Tests could not be made 
with the rates close enough together to determine the exact 
rate at which this change occurred, but it appeared to be com- 
paratively sudden, as would be expected from the cumulative 
action referred to. A uniform burning can be interpreted to be 
such a rate of air supply over the surfaces that all volatile matter 
is burned as soon as it is evolved, or in which the rate of burning 
is greater than the rate of swelling. 

Good data could be obtained in the tests in which the rate of 
air supply & rave equilibrium burning, but in the tests below this 
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rate there was no certainty as to the air rate to use for the ignition 
except that it should be lower than that of the known air sup- 
plied; also, the rate of burning obtained from the gas analysis 
was not that of the whole fuel bed. 

All the coals were crushed and screened over square mesh to 
definite sizes; some of the sizes used were larger than would ever 
be employed in underfeed stokers, but it was desired to obtain 
data which could be compared with those of the cokes to facili- 
tate generalization. 

Table 2 lists the properties of the bituminous coals tested. 
When different sizes were used, the analyses differed somewhat, 
but not enough to affect comparisons of the results. 

Underfeed Burning, Illinois Coal. The Illinois coal was 
tested last, but it is discussed first because its caking properties | 
are lower than those of the Pittsburgh coal and the tests were © 
more complete. 

Fig. 13 shows the results with two sizes of coal without pre- 


heat. The heavy lines indicate the rates with which equilibrium 7 


burning occurred. The actual data for rates below equilibrium | 


burning are given, but, as explained, these values are associated of 


with the test furnace used and include the factor of the clogging 
of the bed by the caking. 

The plot is exactly similar to Fig. 7 for high-temperature coke, | 
and the same deductions as made for coke apply; namely: — 
(1) decrease in size increases the rate of ignition; (2) decrease 
in size decreases the thickness of the fuel bed; (3) there is a maxi-— 


mum rate of burning which cannot be exceeded, which was 32 = 


lb for the 1 to 1'/2 in. size, as compared with 35.5 lb for the 
high-temperature coke. 

It would seem that the rate of ignition tends to decrease with | 
very high air rates, similar to that which occurred with high- 
temperature coke but to a lesser degree. 

Fig. 14 shows the results for the 1 to 1'/¢; in. Illinois coal with | 
various preheat temperatures. Again, the general plot is similar _ 
to Figs. 10 and 12, and the increases in the rate of ignition by — 
the preheat are of the same order. 

The light line designated as rate of burning has not exactly the 
same meaning as it had in the plots of the coke tests; ratheritis _ 
the dividing line between non-equilibrium and equilibrium burn-— 
ing, as fixed by there being no clogging of the bed by caking. © 
This means that the tar that is exuded from the pieces of coal is 
consumed as fast as exuded, or that the rate of burning at the 
surface counteracts the swelling. Thus the coal acts as a free- 
burning fuel, and the area of the figure which is designated as 
equilibrium burning could be called the free-burning area. 

A test was attempted with 400 F air temperature; it will be 
seen that the point for the test falls to the left of the equilibrium 
line. The test started out well, but when the ignition line had 
fallen 20 in., almost suddenly the bed clogged up tight and no 
air could be forced through it with the pressure available. The 
rate of ignition given is approximate. 

It is obvious that if the caked fuel had been broken up as 
quickly as it was formed, the light-line curves would have been 
swung to the left and the shapes of the curves would have been 
more similar to those for the cokes. 

The dotted parts of curves for the thickness of the live-fuel 
bed indicate non-equilibrium burning; the thicknesses for equi- 
librium burning fall approximately on a common curve 

Underfeed Burning, Pittsburgh Coal. This being the first 
bituminous coal tested, attempts were made to improve the 
method and procedure. To obtain accurate data on the non- 
equilibrium burning, it was necessary that the air supplied 
should pass uniformly through the area of the bed instead of 
being diverted to the sides by the caking. Attempts were made 
to insure this by increasing the resistance of the bed at the 
sides by packing it with small-sized coal, so that the coal being 
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tested formed a core 16 in. in diameter with a ring of fine coal 
around it 2 in. thick; it was accomplished by using a sheet- 
iron cylinder 16-in. in diameter and 12 in. long, and gradually 
building up the bed. 

This kept the center of the bed more open, but it did not en- 
tirely eliminate the clogging, and the small coal at the sides 
also burned out more rapidly or channels were formed. How- 
ever, this method did increase the rate of ignition in the low-air- 
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Fig. 15 UNpDERFEED-BURNING PitrspurGH CoaL 


rate, non-equilibrium area as much as 100 per cent. As would 
be expected, it made little difference in the equilibrium area 
but increased the ignition rate a little, both because of the effect 
of the small-sized coal and because, even with a non-caking 
fuel, there is always less resistance to air flow at the sides. 

Numerous tests were made with the Pittsburgh coal, the ma- 
jority with small fuel at the sides. Fig. 15 shows plots of most of 
the tests, both for different sizes of fuel and for different air 
temperatures. The order of the results is the same as for the 
Illinois coal; with the same-sized coal, 1 to 1'/; in., the maxi- 
mum rate of burning possible without preheat was higher, 43 to 
32 lb; with 300 F air temperature, the maximum rate of burn- 
ing was about the same, 61 Ib. As before, the rate of ignition 
decreased with increase in size; the sizes were carried to the 2 
to in. screen. 

There is no common line fixing the area of equilibrium burn- 
ing; those drawn in the plot can be considered only approxi- 
mate. It is certain, however, that the line is further to the left 
for the smaller coals; this can be interpreted to mean that the 
openings between coal pieces can be kept clear more easily as the 
size of the coal decreases. Knowing that it occurs, an explana- 
tion can be given, but one’s first guess would probably be the 
reverse. 

There is no necessity to discuss the results of Fig. 15 in detail. 


= 


; 
« 
, 
+ 
x 
< 
> 
2 
Ds 
4 
Nac 
: 
<5 
< 
+ 


6 


= 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Underfeed Burning, Splint Coal. Splint coals differ from other 
bituminous coals in that they do not fuse when heated. On the 
other hand, they exude their volatile matter as a tarry substance, 
which will tend to fill the air spaces. It is not known whether 
splint coal is used on large underfeed stokers, but it has been 
used in domestic stokers. The coal was not specially obtained, 
but was tested because it was available and because it had 

distinctive properties. 
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THICKNESS OF FUEL BED, INCHES 


0 1 200 
PRIMARY AIR PER SQ. FT. PER HOUR, POUNDS 
3. 16 UNDERFEED-BURNING SpLintT 1 To 1!/2 In. Size 


All tests were with 1 to 1'/2 in. size, the temperature of the 
air being varied. Fig. 16 shows the result. All tests are for 
beds packed with small coal at the sides, except the two tests 
indicated by crosses. Thus tests A and A’ are duplicates, ex- 
cept that the latter had no packing; their positions indicate the 
order of the difference obtained by the two methods. 

The results show the same relationships as for the other fuels, 


but the line fixing the equilibrium area is further to the left, 
thus giving a larger equilibrium area. The maximum rate of 
burning possible without preheat is decidedly greater than the 
rates for the other bituminous coals, being 51 lb as against 42.5 
lb for the Pittsburgh. However, the increase in the rate of burn- 
ing by the same preheat is about the same as for the Illinois and 
Pittsburgh coals. 

At non-equilibrium rates this coal burned around the sides, 
leaving a solid pillar of coke in the center. It would seem that 
the tarry matter filled up the spaces and coked, but the whole 
coked mass did not tend to open up cracks as much as in the other 
two coals, and thus little if any air passed through the center 
mass. 

A test on this coal was also tried at 412 F air temperature and 
a rate of 535 lb of air. It burned for a time and indicated a 
rate of ignition of about 100 lb; it then clogged up very rapidly, 
but not so quickly as did the Pittsburgh coal at 400 F. This 
clogging would be expected, because Fig. 16 shows that the point 
of operation used lies outside the equilibrium area. 

Summary of Underfeed Tests. There is no necessity to make 
a detailed summary, nor at this time will this method of test 
as a means of determining the burning characteristics and of 
comparing fuels be discussed in full. There is one character- 
istic important in the operation of stokers which the method 
does not measure—namely, the ease of breaking up the caked 
or coked masses. It can be imagined that this quality is com- 
pounded of tensile strength and brittleness as measured by 
elasticity. 

The results justify the method of attack used of thoroughly 
testing high-temperature coke first, as the clear view-point this 
gave of the relations between quantities, set a standard for in- 
terpreting results with fuels which were more difficult to test. 

Because the fuels had been in dry storage, their moisture con- 
tent was low. Some study of the effect of moisture on the rate 
of ignition is of interest. 


REACTIONS IN AN UNDERFEED FUEL BED 


It was desirable to have records of the reactions in fuel beds 
burning on the underfeed principle that would show the same 
data as does Fig. 2 for overfeed. These tests involved some diffi- 
culties because the zone of burning is moving, but complete 
data were obtained for the high-temperature coke and for the 
Illinois coal, the latter including tar and soot determinations. 

The complete results are not given in this report; they present 
a good picture of what occurs in the bed and how the ignition 
progresses. The following are some of the conclusions one can 
deduce: 

(1) In an underfeed bed heat is abstracted from the lower 
part of the burning zone to heat up the incoming fuel so that re- 
actions all through the bed lag because of this abstraction of 
heat. 

(2) In an overfeed bed the heat required by the incoming fuel 
is not abstracted until the reactions through the bed are com- 
pleted; although the same quantity of heat is required as with the 
underfeed, and the temperature of the outgoing gases is lowered, 
yet this does not affect the reactions in the bed below. 

(3) The fact that the fuel is being heated up and is of a larger 
size at the ignition end of an underfeed bed reduces the rate of 
reaction, or, in other words, lengthens the time required for the 
same total reaction more so than for the overfeed bed, where the 
rate of reaction is very slow, as is shown by Fig. 2. 

(4) Consequently, for the same rate of air supply, and the same 
weight of combustible per pound of air carried by the exit gases— 
that is, the same rate of burning—the equilibrium depth of an 
underfeed bed will be greater than that of an overfeed. 
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To give an idea of the burning of the underfeed bed when 
using high-temperature coke, the dotted curve was added to 
Fig. 3; the rate of air supply in the underfeed tests was the 
same as that in the overfeed. The relative positions of the 80 
F, curves illustrate the foregoing conclusions. 

That the process of ignition hampers the burning in an under- 
feed bed was shown in a number of tests made at air rates for 
which the rate of burning was less than the rate of ignition, and 
the thickness of the live bed was continually increasing; in these 
tests the rate of burning was approximately constant when the 
plane of ignition reached the grate. When it reached the grate, 
and there was no more fuel to ignite, the rate of burning in- 
creased very rapidly, although the air rate was not changed. 
This increase with the cokes was sometimes more than 50 per 
cent; with the bituminous coals there was sometimes no in- 
crease, because at low rates the burning was not uniform over 
the area of the bed. 

Evidences of this action should occur in stokers; when at low 
rates the coal feed has been too rapid, and it is stopped, then the 
boiler output may be expected to rise temporarily. 


~ APPLICATION OF RESULTS TO UNDERFEED STOKERS 7 


Some deductions on how the experimental burnings are related 
to the actions which occur in the fuel beds of underfeed stokers 
have been suggested in the previous part of this report. All 
the tests were made with unrestricted ignition, and it was shown 
that the burning which results is the maximum which can occur 
with each rate of air supply, and that with a given rate of air 
supply a restriction of the rate of feed below its corresponding 
rate of ignition will result in a thinner fuel bed and a rate of 
burning equal to the rate of feed, together with a reduced re- 
quirement for secondary air. 
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It also was shown that the main difference between overfeed 
and underfeed burning is that, with the former, the rate of burn- 
ing can be increased indefinitely, provided the fuel is not blown 
out of the bed, but with the underfeed, there is a limitation to the 
rate fixed by the rate of ignition. 

No attempt will be made to picture completely what goes on 
through the length of the fuel bed of a large underfeed stoker, 
because that would necessitate defining the paths of the various 
streams of incoming coal and the distribution of the air. Pre- 
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sumedly some coal may have a superimposed vertical motion, 
and undoubtedly even in the same stoker the actual paths will 
not be the same at all rates and with different coals. In ad- — 
dition, the distribution of the air flow through the coal will de- __ 
pend on the caking and on how the caked coal is broken up by © 
the motion. However, one can draw some conclusions as to © 
possibilities, especially for rates of burning near the limit of the © 
ignition rate, because this is the range covered by these tests. 
Considering Fig. 17, the line ab corresponds to the heavy lines 
of one of the figures for bituminous coal, and it gives the rate of 
burning with unrestricted ignition in a quiet (that is, unagitated) 
fuel bed; because a caking coal burns as a free-burning fuel along 
this line, presumedly the burning would not be changed much if 
the bed were agitated. Considering still the unagitated bed, 
and assuming that one is operating at the feed and air rates of 
point a, if one began to restrict the rate of feed and to reduce it 
below the ordinate of point a and at the same time to reduce 
the air rate just enough to maintain the non-caking or free- 
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burning condition, then probably one would move along some 
curve af, although this suggestion is not based on experimental 
data. Therefore, with a non-agitated bed, operation anywhere 
in the area fab would be free burning. 

Assuming that the bed were agitated enough to keep the fuel _ 
pieces free from each other, then the curves for unrestricted ig- 
nition would be similar to those for non-caking fuel, such as cdb 
and edb; it follows that with a restricted feed, operation with 
an equilibrium bed would be possible anywhere within the area 
cdb. 

These deductions are based on the assumption that the air 
passes through the incoming coal and keeps it cool; if it did not, 
and if the coal were heated up and coked before it reached the 
air stream, then, unless this coke were broken up, the deductions 
for the non-agitated bed would not hold. 

One has to use more imagination when trying to picture a 
cross-section of the fuel bed of an actual stoker, but one is on — 
safer ground if the stoker is operating at the limit of its ignition — 
rate—that is, on the line db of Fig. 17 for an agitated bed. Fig. — 
18 represents a section of a stoker operating at maximum rate, — 
but on the assumption that the fuel is moving vertically. 


Fig. 18 At Hies-Burnine Rate 
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Assume that the coal feed has brought the ignition plane to the 
position AB shown in the left-hand half; then the conditions of 
ignition are the same as those of these tests, and the same values 
should apply. The rate of air supply per square foot would be 
fixed by the area of the surface AB, and the rate of ignition by the 
ordinate of the point on db of Fig. 17 which corresponds to the air 
rate. If the coal feed were reduced for a time so that the 
ignition line fell to what would probably be the line CD of 
the right-hand half of Fig. 18, then the average air flow through the 
ignition plane would be reduced, although the total air was not 
changed, and the measure of the ignition rate would move along 
the line bd of Fig. 17; as it approached d, the rate of ignition, and 
consequently the rate of burning, would decrease. With a fixed 


_ rate of coal feed and air supply, it is probable that the plane of 


q 


ignition would find some position along the height of the air 
slot which would produce equilibrium. = 


= 
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As one tried to push the output by increasing the coal feed, 
it can be conceived that the line of ignition might be raised to 
EF with the top of the bed as shown dotted; because this in- 
creases the area of ignition, a corresponding increase in the 
maximum rate of burning would be possible. 

It must be recognized that in all these illustrations there is 
no question about the ability to burn the coal; as long as one is 
operating, for an agitated bed, along the line db, the rate of burn- 
ing for any rate of air supply could and would be limited only by 
the line dg if it were not that it is limited by the rate-of-ignition 
line db. It does not matter whether the stoker is a simple pot, 
which was the type used in these tests, or whether the fuel flows 
over the side, as is represented in Fig. 18; with continuous oper- 
ation the height and shape will adjust themselves to give a rate 
of burning equal to the rate of ignition. 

Although non-caking fuels are not burned in underfeed stokers, 
yet it is of interest to extend the argument of the last paragraph 
to what would occur at low ratings. If a non-caking fuel were 


being burned under conditions represented by Fig. 18, and if 
the rate of air supply were less than that of point d of Fig. 17, 
under continuous operation the ignition plane would find some 
level like CD of Fig. 18 which would make the rate of ignition 
equal to the rate of burning. If in Fig. 17 the total quantity of 
air supplied is om, the quantity passing through the ignition 
plane would be on and that above the ignition plane nm. 

In the foregoing discussion of the ignition in an agitated bed 
it was assumed that the caked or coked coal is well broken up by 
its movement. This will not occur with a good caking coal, 
and the motion will split the mass into relatively large pieces. 
The result will be that most of the coal will not come in contact 
with air until it has been coked and that most of the actual 
ignition will occur at the surfaces of the large coke pieces. Fig. 
19 presents such a conception. Because of the large size of the 
pieces of coke, the equilibrium depth of the bed must be greater 
to allow enough area of the surface of the fuel for the reactions 
to occur. The fuel around the air slot will be consumed more 
rapidly, thus undermining the coke mass so that it may fall over. 

At low rates of coal feed for which the point of operation would 
fall well below the line cd of Fig. 17, the rate of ignition would be 
large compared with the rate of burning. The ignition line would 
sink as low as it could, but it could not go below the air-stream 
line; however, the coal below the ignition line would be heated 
by radiation and conduction and would not be cooled by the air 
stream, and consequently it would coke and its volatile wou!d 
rise into the airstream. Although the volatile would be ignited 
and burned, yet the remainder of the coal, or the coke, cannot 
be said to be ignited until it rises and its surface meets the 
air stream. If the conditions are as conceived in Fig. 19, there 
is no definite plane of ignition, but at low rates the actions will 
undoubtedly be somewhat as depicted. It would be under such 
conditions that the coking qualities of the coal and the agitation 
it gets would be of the most importance in determining the fuel 
bed that would result. 

The following generalization on large stokers is probably 
warranted. The more usual mode of operation as represented 
by a humped fuel bed implies that the type of bed is an enlarge- 
ment of that represented by Fig. 19, with possibly a small part 
as represented by Fig. 18. This will mean that a deep bed will 
be required to present a large enough surface area of coke for 
the ignition and burning actions. A type of bed as advocated 
by Mr. Houghton’ is premised on a design and on a method of 
operation which will distribute the plane of ignition over a larger 
area of the bed, so that more of the action will correspond to 
that represented by Fig. 18. This mode of operation should 
permit of more even distribution of the air, result in a thinner 
fuel bed, and the composition of the gases arising from the fuel 
bed should be more uniform; one would also expect that the 
bed can be better controlled to make the analyses of these gases 
conform more nearly to the average desired, and to require less 
mixing of the gases in the combustion space. 


Errect oF In UNDERFEED STOKERS 


The effect of the size of the coal pieces on the burning in a 
stoker will depend on the rate of burning. When working at high 
ratings, as illustrated by Fig. 18, a decrease in size will permit of 
an increase of the maximum rating possible, of course neglecting 
limitations to the quantity of air that can be forced through the 
bed because of increase in resistance with decrease in size. When 
working at low ratings in which masses of coke are formed, the 
first effect will not come into play, and then it can be presumed 
that the effect of size will be that larger sizes will give a better 
chance for the air to penetrate into a mass when it is only partially 
fused together and is not fully coked; this will mean that the 
mass will be partly burned, and therefore more open and fragile. 
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E¥FrEctT OF PREHEAT IN UNDERFEED STOKERS 


The results of the use of preheat with underfeed stokers have 
been described in a number of papers by operators, and the sub- 
ject has also been debated extensively. It is therefore worth 
while to attempt to interpret the results of these tests. The 
argument will be itemized. 

(1) Neglecting the effect of ignition and considering only the 
effect of preheat on a fuel bed of a given depth, the tests show that 
the additional heat contained in the preheated air is utilized 
partly in increasing the rates of reaction in the fuel bed—that 
is, in increasing the rate of combustion for the same air rate— 
and partly in increasing the temperature of the gases leaving the 
fuel bed. The partition of the total heat into these two portions 
will depend on the depth of the bed, but approximately it can be 
said that 50 per cent goes to each action. 

(2) As a result of item 1, there will usually be more CO in the 
gases, and more secondary air will be required. 

(3) Presumedly the higher temperature of the gases leaving 
the fuel bed will tend to cause better combustion in the com- 
bustion space, but as this increase is added to an already high 
temperature, it is questionable whether the benefits gained be- 
cause of the increased temperature of the gases from the pre- 
heat will offset the disadvantage that there is more CO in the 
gases, and thus more secondary combustion action is required; 
moreover, the available higher temperature of the top of the 
fuel bed and the gases will be lowered because of the increased 
radiation to the water surfaces. Such questions could only be 
settled by tests, but the variations to be determined would usually 
be less than those of operation. 

(4) It would thus appear that preheat will give only limited 
assistance to the combustion. This does not, of course, affect 
its value as a means of producing an increased over-all economy 
of the system. 

(5) The tests showed that the outstanding effect of preheat on 
all fuels was that it increased the rate of ignition; for example, 
based on normal air temperature of 80 F, preheating the Illinois 
coal increased the maximum rate of ignition 35 per cent for 200 
deg and 85 per cent for 300 deg. For Pittsburgh coal the increases 
were 19 per cent for 200 deg and 43 per cent for 300 deg. 

(6) It would therefore appear that the most useful function of 
preheat is that it permits of a higher rating being obtained and 
that a moderate preheat will materially increase the range of 
output. 

(7) No attempt has been made to suggest the position or shape 
of the ignition plane in the complex fuel beds of large stokers. 
Still confining our argument to high ratings, for which the ignition 
would correspond in principle to Fig. 18, it would seem that the 
quantity of preheat will influence the position of the plane of 
ignition and might to some extent be used to control it. 

(8) Because preheat increases the rate of ignition, if the pre- 
heat used produces a rate of ignition greater than that required 
for the rate of burning, then it will in general tend to bring the 
burning nearer to the metal work of the stoker. Consequently, 
the burning of stoker parts with preheat may be directly due, not 
to the increase in temperature because of the added heat, but 
because the burning of the fuel is nearer to the metal. It would 
therefore appear that troubles might be lessened by reducing 
the preheat temperature if it is higher than that required to 
give the rate of ignition necessary for the rate of burning. 

(9) In this investigation it was not possible to make a success- 
ful test with 400 F preheat, whereas higher temperatures have 
been used in service. This is no anomaly, because the method 
of test necessitated heating up the whole of the coal used and 
maintaining it at the full temperature for one hour or more. 
In service the coal will not be heated materially until it meets 
the air stream. 7 
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(10) It is difficult to suggest any advantages because of im- 
provements in burning characteristics resulting from the use of 
preheat at low rates of burning as represented by Fig. 19. The 
coal will be more thoroughly coked, and the improvements must 
be found in the actions covered in items 1, 2, and 3. 

It is recognized that the pictures suggested in the foregoing 
may not be in agreement with what occurs in a large stoker. A 
much larger proportion of the coal may be heated, lose its vola- 
tile, and be coked before it meets an air stream. The pictures 
may, however, help those who operate such stokers better to 
analyze what actually happens. 

One could use the experimental data of this paper to deduce ap- 
proximations of the thickness of fuel bed that would occur and the 
secondary air that would be required for various assumed con- 
ditions. However, such data can be reliably obtained only by 
experimentation with each type of stoker and of coal, and the 
usefulness of the data presented in this report is limited to pre- 
senting a picture which may help in explaining what has been 


found to happen or in suggesting the causes of troubles and pos- — 


sible methods for alleviating them. “4 


IGNITION ON CHAIN-GRATE STOKERS ip > 


As pointed out in connection with Fig. 4, the length U (the 
ignition part) of the bed of a chain-grate stoker is burning on 
the underfeed principle; the ignition is by radiation. In the 
tests of this report the top of the bed was ignited by a layer 
consisting of 1'/2 Ib of charcoal and 2 Ib of petroleum coke, both 
wetted with kerosene; the fan was started as soon as the kero- 
sene was alight and was at once brought up to the air rate to be 
used in the test. There may be a question as to whether this 
type of ignition is the same as that by radiation, but there can be 
little difference except in the rate at which the temperature of 
the top surface will rise; this will also vary in furnaces, both with 
type and with rate of operation. 

The time required for the ignition plane to travel down the 
first 4 in. or more would correspond to the similar action on the 
chain-grate stoker; compounding this rate with the speed of the 
grate gives the slope of the ignition plane. 

The test data on this phase have not been analyzed completely; 
in general, they show that the rates of ignition for the upper 
part of the bed are of the same order as those given by the curves; 
the rate of air supply, the size of fuel, and the preheat affected 
the rates of ignition in the same manner, but not to the same de- 
gree. The effect of the caking of the coal at low rates of air 
supply is of interest; caking does not affect the rate of ignition 
for about the first 4 in. of depth, but below that the bed appar- 
ently cakes enough to lower materially the rate of travel of the 
plane of ignition. This phase may be investigated further by 
using shallower beds, corresponding to those used on chain- 
grate stokers. 
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actions which take place within the fuel bed, and while the in- 
vestigations were made on a small experimental furnace, the 
authors have been able to set up certain basic principles and to 
apply them in their conclusions to large underfeed-stoker oper- 
ation. 
The processes that take place within the fuel bed of a large 
- underfeed stoker are of considerable importance to the stoker 
_ operator, and while again the authors had made a majority of 
their runs using high-temperature and low-temperature coke 
in graded sizes (and in this respect the results are not com- 
parable with stoker operation), the principles of combustion 
which they were able to investigate in their small closely con- 
trolled furnace have no doubt a certain relation to plant prac- 
tise. 

In the underfeed tests the curves showing the variation of the 
rates of ignition and burning with air flow are significant. The 
fact that the rate of ignition reaches a definite maximum with 
any given fuel and primary air temperature indicates that there 
are definite limitations on the coal-burning capacity of any under- 
feed stoker which depend on the individual design. The marked 
increase in ignition rate with increased preheat temperature 
would, at first glance, appear to offer a very valuable method of 
increasing the burning capacity of a stoker, but, as the authors 
point out, other factors work to limit the usefulness of preheated 
air. Our experience with stokers using preheated air has been 
that the plane of ignition of the coal is much closer to the metal 
parts of the stoker, which explains the excessive burning of stocker 
castings found with stokers using preheated air. Furthermore, 
we have experienced excessive secondary combustion resulting 
from the high CO content of the gases leaving the fuel bed. 

In discussing the principles of operation of large underfeed 
stokers, it cannot be too strongly emphasized that an ideal fuel 
bed is one which is relatively thin, homogeneous, and porous. 
In such a case the air distribution is even and combustion prac- 
tically complete in the furnace itself. As the authors point out, 
a greater effective plane of ignition is obtained. It is of course 
obvious that the ideal fuel bed is one in which the burning rate 
is uniform over the entire area. This condition, we have found, 
is most nearly attained by the use of a thin fuel bed and a high 
furnace draft. High draft improves air distribution through the 
fuel bed, and also assists in the dissipation of heat, with a con- 
sequent elimination of excessive temperatures. Lower fuel- 
bed temperatures will reduce volatilization of the ash, slagging, 
and furnace-wall maintenance. 


> 


Our experiments on underfeed stokers burning bituminous 
coal have not been as detailed as those that the authors were 
able to carry out on their small stoker, but it is indeed interesting 
that some of the principles that we have made use of in stoker 
operation are confirmed by the authors in their work. th 
are to be commended for their contribution. 7 


E. G. Battey.'" This paper lies closer to the fundamental 
principles of burning fuel in solid form on grates than any that 
has yet been published, to the writer’s knowledge. Had such 
work been done earlier in the history of fuel burning, there is no 
question that a great deal would have been gained toward more 
efficient and more nearly smokeless combustion years ago than 
has been the case. 

Even though this paper comes rather late in the experience 
of some of us in burning fuel on grates and stokers, it is still very 
opportune for those who have this problem in hand in assisting to — 
define the limitations, especially with respect to rates of combus- — 
tion that can be expected from different methods of feeding solid 
fuels to grates. 

This is the kind of research work which I think the U. S. Bureau 
of Mines should do, and I understand from Mr. Nicholls a 
much more data have been collected than are presented in this — 
paper. It is to be hoped that all of this research can be made © 
available. 


AvutHors’ CLOSURE 


Although the subject matter of the paper is relatively simple, — 
yet it requires rather close study to follow the arguments; con- 
sequently much detailed discussion was not expected because of 
the short time the paper has been available. It is hoped that 
this attempt to formulate principles will be supplemented by 
those who are associated with stoker design and operation; no 
data are available at present on the motion of the streams of coal 
in the fuel bed, or their dependence on the properties of the coal. — 

There is, however, room for considerable more work of the | 
type reported in the paper; in particular, studies are required to — 
determine whether this method of testing could be used to mea- — 
sure the relative burning characteristics of coals closely alike, | 
and whether these measures could be used to predict their 
characteristics or peculiarities when used in stokers. 


12 Vice-President, Babcock & Wilcox Co., New York, N. Y. 
A.S.M.E. 
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For many generations, the even flow of trade among 
peoples has been interrupted by recurring depressions. 
Abnormally high levels of commerce have always preceded 
the serious declines. It is neither logical nor sufficient 
to explain a disastrous decline in business by stating 
that the levels before the decline were too high and char- 
acterized by excessive inflation. What produced these 
latter conditions? 

This study is concerned not only with the periods of 
enforced retrenchment but also with those eras of high 
business levels which invariably precede them. The effort 
has been made to discover and isolate the underlying 
causes of these recurring fluctuations. By underlying 
causes is meant the initial influences, invisible and un- 
determined at the time, which set in motion the multi- 
tude of powerful and obvious forces which are almost 
instantly transformed into potent sources of further 
change. The only consistent or normal characteristic of 
business trends is constant change. 

It cannot be seriously doubted that the various indexes 
of business and the paths described by them are but the 
composite results of many components. Why, therefore, 
is it not logical to investigate the movements of general 
business by analyzing the fluctuations of its principal 


components? 


XCESSIVE fluctuations in a ‘power circuit can only be 
iy traced to their source and eliminated by determining 

the characteristics of each important component of the 
load. What are the dominating units in the many divisions of 
trade and production? 

The final objective of all productive enterprise of every kind 
is the satisfaction of individualistic requirements which in inte- 
grated form we know as“‘consumer demand.” There is no kind 
of so-called ‘producer goods” which is not made solely as part of 
the process of supplying the wants of individuals. The cost of all 
such production is normally and eventually borne by the ulti- 
mate consumer as part of the cost he pays for goods used by him. 


1 Industrial and marketing analyst, New York, N. Y. Mr. Me- 
Niece was graduated from Case School of Applied Science in 1907, and 
was awarded his E.E. degreein 1911. After some years’ experience in 
production of pumps, plumbing supplies, and sanitary enameled 
ware, he entered the employ of National Carbon Company, Inc., at 
Cleveland, Ohio. He was successively in charge of electrical re- 
search, production activities at Cleveland, and finally of plant and cost 
accounting for all factories of National Carbon Company. Later he 
assumed charge of the plant-accounting control division of Union 
Carbide and Carbon Corporation in New York City. Some years 
later he became manager of the sales record and research division 
of the National Carbon Company, coordinating the activities of market 
research, sales and distribution accounting, and budgetary control. 
This was followed by a period devoted to security analysis. He is the 
author of articles appearing in various commercial and technical 
publications and has presented papers before a number of trade 
associations and professional societies. 

Contributed by the Management Division and presented at the 
Semi-Annual Meeting, Chicago, Ill., June 26 to 30, 1933, of Tue 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 


of the Society. 
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Depreciation and obsolescence charges bring this about. Even 
that portion of such costs as may be at times charged off in some 
form of liquidation losses is borne by the consumer. All taxes 
direct or indirect are finally paid by this same individual. These 
elements embrace all costs and are all paid out of individual 
income. There is no other source. Since the cost of all producer 
goods is finally paid by the ultimate consumer, such cost is but 
part of the total he pays. It is difficult to conceive of the part 
assuming greater importance than the whole. 

Inasmuch as the individual pays all costs and since the ulti- 
mate objective of all productive and commercial effort is the 
satisfaction of individual wants, we may gain a good idea of the 
relative importance of basic activities by determining the pur- 
pose for which consumers’ major expenditures are made. Analy- 
sis of existing data upon this subject indicates that when weighted 
for the various groups within the different income classes in the 
United States approximately 70 per cent of all individual income 
is expended for the three essentials, food, clothing, and shelter. 
If to this large percentage we add the expenditures for auto- 
mobiles in this country, the total will be close to 75 per cent of 
consumer income. The Ministry of Labour estimates that, in 
Great Britain, 88 per cent of wage earners’ income is expended 
for food, clothing, and shelter. We therefore find that in the 
United States three-quarters of individual income which pays 
for everything is expended for these four important require- 
ments. This leaves but 25 per cent for the great variety of other 
expenditures and savings. It should be obvious at once that the 
combined influence of these four non-duplicating elements 
must govern to a great extent the movements of all business. 

What do we find when we analyze the trends of these four 
industries? These facts stand out: 


(1) No two of these industries follow the same path 

(2) No one of them describes with fidelity the trend of 
aggregate business as pictured by the various accepted 
indexes 

When the four are combined on a weighted basis, the 
composite trend reproduces with significant fidelity the 
trend of aggregate business. 


(3) 


In a sense this latter condition is the pivotal point. of this 
study. Considering the great importance and differing char- 
acteristics of these industries, a logical and mathematical con- 
clusion may be drawn. Briefly it is that consumer demand, 
dominated by these four outstanding requirements, sets the 
pace for all industry. There are at least two analogous de- 
velopments of scientific acceptance and use that are well known 
and afford a basis for this reasoning. One is the analysis of sound 
waves into their simple components and the other is the similar 
resolution of electric voltage and current wave forms into their 
various component waves. 

In these two divisions of scientific endeavor it is accepted 
without question that the shape of a composite wave is due 
to the shape and relative importance of the individual compo- 
nents. Likewise, it follows that the contour of the aggregate 
business trend is due to the weighted contours of its components. 
It may be reasoned directly therefrom that if definite causes can 
be discovered for the varying and dissimilar performance of the 
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predominant industries, causes for the variations in the com- 
posite trend will have been determined. This study undertakes 
to develop these explanations. 

Business normally pursues a wave-like course with the passage 
of time. Used in its correct sense, the term “‘cyclical’’ may be 
applied to this progression. This is true of all industries. The 
use of the term “cyclical”? does not imply waves of equal length 
but merely wave-like fluctuations that may or may not be 
equal in length or duration. While all industries are subject 
to cyclical fluctuations, some of them also manifest certain 
periodic tendencies, that is, they tend to follow a rhythmic 
variation in which the wave lengths or time intervals are approxi- 
mately equal. Due to certain fundamental characteristics 
inherent in them, the maintenance of periodic fluctuation is more 
constant in some industries than in others. As will be described 
later in this study, the reason suggested for the periodic char- 
acteristic of some industries is what we have termed the “re- 
placement cycle.’’ This is a phenomenon of demand that tends 
to reassert itself at intervals following some prior distortion in 
demand of sufficient magnitude to cause an appreciable dis- 
turbance. 

It is a fact set forth in the statistical history of the industries 
themselves that all of the four major industries analyzed in this 
study were simultaneously depressed in the period of 1920 and 
1921 and did not again reach this condition of common agree- 
ment in downward trend until 1929 and 1930. These years 
mark the last two major depressions. Intervening, were the 
milder depression of 1924 and the even milder one of 1927. At 
these times only part of these four industries were at abnormally 
low levels. In similar manner we find that the periods of extraor- 
dinary prosperity are marked by a general agreement in timing 
of the higher levels of the component industries. The conclusions 
suggested in no way minimize the importance of credit and other 
monetary questions affecting these situations. Increasing volume 
of business begets increased volume of credit, and declining 
volume of business forces liquidation commensurate with the 
severity of decline. We must explain this fluctuation in demand. 
In the replacement cycle, we have both a cause for, and an ex- 
planation of a variation in demand that is not induced by a 
prior change in income levels but which will actually precede 
such a change in income, either upward or downward. 

It should be clearly stated that in the prosecution of this study 
the first step was the accumulation of available, pertinent facts 
and the second was the interpretation of these facts. Out of 
this sequence were developed the conclusions set forth in this 
paper. The investigation was begun with no preconceived 
notions and with no predetermined conclusions to which the 
vidence was to be fitted. 

The question may arise in the minds of many that a study 
omitting such important industries as iron and steel and the 
railroads, for example, must be inconclusive. The answer to 
this does not depreciate the importance of these industries but 
rather defines their sequence in these economic movements. 
Important as they are, they still owe their very existence to the 
requirements of individuals. Of first rank in the sequence of 
movements are those industries which produce commodities 
actually used and consumed by individuals. The backbone of 
the iron and steel industries is the demand from the railroad, 
automotive, and building industries. The very life-blood of the 
railroads is the traffic flow engendered by the movement and 
consumption of goods in other industries. Neither the iron and 
steel business nor the railroads can show any improvement in 
their business levels without prior improvement in the industries 
which they serve. The iron and steel business may be accepted 
as a barometer of trade conditions, but the fact remains it is an 


averaging point for changes that precede it. an 
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If it can be ultimately shown that the repeated economic 
disturbances are largely the result of unobserved changes in 
individual demand induced by some prior major disturbance and 
that these initial, causative changes are due to thoroughly 
natural buying programs on the part of the great mass of the 
people, some of the bitterness should be eliminated from our 
consideration of constructive measures. Real remedies may then 
find expression in cooperative rather than antagonistic views and 
actions. 


MetruHop oF APPROACH 


The data utilized in this study are largely in index form. 
For this purpose the indexes of productive activity computed 
by the Federal Reserve Board for the food, textile, and building 
industries were used. The actual output of motor cars was used 
for the automotive industry. The first, second, and fourth 
are purely quantitative while the third, embracing contracts 
awarded, involves the element of value. This latter index is 
more commonly used. 

One modification, however, of the existing data was made for 
significant reasons. The period chosen as unity or 100 per cent 
for the Federal Reserve Board data embraces the interval from 
1923 to 1925, inclusive. Both the Federal Reserve Board and the 
Department of Commerce use this period as a basis for measur- 
ing trends. It is undoubtedly the longest period adopted as 
standard in this country for such extensive series of data as 
published by these two organizations. This interval or shorter 
ones are entirely satisfactory for tracing the paths of individual 
industries but are not long enough to measure accurately their 
relative importance with respect to edch other. As an example 
of this, it may be said that the years 1923 to 1925, inclusive, 
were in an era of abnormally high building activity and to accept 
this level as normal for building involves an error when the 
concurrent levels of other industries are to be compared with it. 
It is also a fact that, if a composite wave length such as that of 
aggregate business is to be broken up into its components, the 
more rapidly fluctuating industries should be related in correct 
proportion to the longer wave taken as standard. For these 
reasons, the data previously mentioned were converted from the 
3-year base of 1923 to 1925 to the 10-year base of 1920 to 1929. 
This has the technical advantage of setting up as standard a full 
span of years between major depressions. 

This conception of the statistical problem suggests that the 
various statistical agencies, both private and public as they exist 
in this country, might do well to agree upon a common standard 
of sufficient length to provide adequate accuracy for all purposes, 
rather than to base their data upon such widely varying times 
and periods. This would greatly facilitate the comparative use 
of such data. 

In the indexes used in this analysis, the 10-year average for 
each of the twelve months of the year is used as 100 per cent 
and all points on the trends represent the activity for the corre- 
sponding months expressed as a percentage of the 10-year 
average for that month. Seasonal movements are thus elimi- 
nated or thoroughly minimized. Other and more extended 
methods involving a much greater expenditure of time would 
result only in refinements that would not affect the conclusions 
drawn. The various charts computed in this manner, therefore, 
show both secular trends and non-seasonal deviations therefrom. 
It is these non-seasonal deviations that become so highly siz- 
nificant in this work. o—* 


> 
Facts DEVELOPED 


The outstanding characteristics of the trends shown by this 
data will be briefly summarized for each industry and will be 
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Food Production. The trends in food production are shown 
by the first chart in Fig. 1. Food production maintains a sharp 


_ reversal in production from time to time but these fluctuations 


are irregular in timing and deviate but little from an average 
trend. This is to be expected as man must eat to live and his 
capacity and requirements are very uniform. The secular trend 
in this industry should properly show a slight upward inclina- 
tion to the right. It does not do so chiefly because it has not 
been adjusted for the gradual decline in recent years in the 
consumption of meats and grains and coincident increase in the 
use of fruits and vegetables. During times of economic stress 
there is always a reduction in the demand for the less essential 
foods and at the same time a decline in the amount of food 
thrown away. This naturally results in a slight decline in food 
production of some types. 

Textile Production. By far the predominant class of textiles 
is clothing. The second chart in Fig. 1 indicates the progress of 
this industry. This trend is very striking. The secular increase 
is definitely shown but the graph is chiefly significant for two 
other reasons. First, deviation from the average trend is much 
wider than that for foods and second, the variations are sharply 
periodic. It will be noticed that there are clearly depressed 
levels of varying intensity every other year. The low areas are 
in the even- and the high levels in the odd-numbered years. 
While the effect of the present depression has been to lower the 
level of operations, the sharp periodicity has continued to 
the present time. In other words, the peculiar periodicity has 
not been destroyed by the present economic crisis up to this time. 
While this index of production levels is based largely on spindle 
activity, the same oscillating trends are shown in number of 
people employed and wages paid. These are completely inde- 
pendent data that cover the whole industry. 

Building Construction. The third major activity of man is the 
provision of shelter for his family and his various pursuits. 
Building construction constitutes by far the greatest single 
class of man’s fixed assets which he himself produces. The 
third chart in Fig. 1 portrays the activity in this industry. 
This picture is characterized by an extremely irregular month- 
to-month movement, a rapid increase in trend up to 1926 fol- 
lowed by an even more rapid decline beginning early in 1928 
and by a wide divergence from the average. 

The irregular movements from month to month are to be 
expected from the highly individualistic and widely scattered 
nature of the business. The rapid increase in trend up to 1926 
ealls for further explanation which will be given later. The 
wide divergence from average is also a subject for later discussion 
but it may be said that conditions of the industry make possible 
extreme activity at times to be followed by extensive recessions. 
Due to long structural life and the ability to “double-up” in the 
use of shelter, deferment of additional construction may con- 
tinue long after any real surplus of housing has disappeared. 

Residences should be considered solely as consumer goods for 
purpose of this analysis. Residential construction is such an 
important part of the total building program that the trend of 
the whole industry normally assumes that of the residential 
component. The importance of the residential division may be 
illustrated by the data in Table 1. These data show the im- 
portance of each class of construction regularly included in the 
statistics gathered by the F. W. Dodge Corporation. The pro- 
portions shown are based on totals of each class for the five- 
year period from 1925 to 1929, inclusive. 

These figures show that residential construction is virtually 
as large as the next three largest classes combined but this 
does not express the full measure of importance. The F. W. 
Dodge statistics on residential construction do not include 
the projects valued at less than five thousand dollars each. 
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TABLE 1 RELATIVE 


IN 37 STAT 


[TRUCTION VALUES 


Per cent 


o 
Class total value 

Residential... .. . 40.6 

Public works and utilities. . 

Commerical. 

Industrial 

Educational 

Social and recreational... 

Hospital and institutional 

Religious and memorial... .. 

Public... 


Total.... 


If these were included the ratio of residential to total construc- 
tion, conservatively stated, would be at least 55 to 60 per cent. 
The great importance of individual requirements in this tre- 
mendous industry is very significant. Incidentally, the extreme 
futility of attempting to initiate recovery by an increase in 
public-building construction should be indicated by the very 
small value of this class in a period of great activity in such work. 

The great irregularity in the trend of building construction 
during the relatively short period covered makes it difficult to 
draw definite conclusions regarding any trend toward periodicity. 
Standard Statistics Company, utilizing available sources of 
data, has compiled a statement covering probable annual build- 
ing construction based on contracts awarded in millions of square 
feet. These data are shown by them in adjusted series from 1900 
to 1930, inclusive. From this source the data shown in Table 2 
were derived. 

There is obviously a strong tendency toward a 3-year perio- 
dicity measured in annual terms only. This is apparent in years 
intervening both between successive peaks and_ successive 
valleys. In each case where the interval between peaks was 4 
or 6 years instead of 3 years there was an interrupting influence 
in the form of a business depression. These may be defined as 
the depressions of 1907, 1914, 1921, and 1924. The present 
depression is having the same effect and the extension of decline 
has been carried through the year 1932, making the longest 
decline in building construction since the turn of the century. 

Irrespective of cause, the effect of such depressions would be 
to retard construction and to interfere with any influences that 
might otherwise be at work. 


TABLE 2 FLUCTUATION IN BUILDING 


ONSTRUCTION 
Intervening 


difference, 
years 


Intervening 
difference, 
years 


High 
volume 
19056 
1909 
1912 
1916 
1919 
1925 
1928 


Years of 
decline? 


Decline, 
per cent 


Low 
volume 


1908 

1911 

1914 

1917 

1921 

1927 
@ Annual basis only. 

+ Construction volume in 1906 was only 0.8 of one per cent less than that 
of 1905. If 1906 had chanced to be larger than 1905, the intervening differ- 
ence first shown between high points would have been three years instead of 
four, and under ‘‘years of decline”’ the first figure would have been two years 
instead of three years. 


There is another peculiar manifestation in these figures which 
calls for examination. Reference was made earlier to the rapidly 
rising trend in construction levels up to 1926 followed by the 
sharp decline beginning early in 1928 as shown by the third 
chart in Fig. 1. The data developed by Standard Statistics 
offer a means for further analysis. This series was smoothed 
by calculating a 3-year running average and plotting the averages 
at the middle year. The results of this are displayed in Fig. 2. 
The normal shown in this chart was calculated by Standard 
Statistics from the data as compiled by them. This chart shows 
two very striking and sustained peaks centering, respectively, 
in 1906 and 1926, that is, just 20 years apart. The peaks are 30 
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evident that no real question as to their existence can be raised. 
The behavior of this trend and the interpretation to be made 
later suggest that the computed normal may be somewhat high, 
especially in the later years. This thought is also supported 
by the fact that the building normal as calculated is increasing 
materially faster than population in this 30-year interval. While 
population was increasing by 65 per cent, the calculated normal 
for building construction increased 130 per cent. A _ relative 
increase in building construction is to be expected but the differ- 
ence in this case seems too great. This has some significance in 
view of later interpretation. 

The trend of building construction shown in this analysis 
seems to be composed, since 1900, of two major waves some 20 
years apart superimposed on the top of which are ripples of a 
predominating length of 3 years. The immediate effect of de- 
pressions is to cause some deviation from this interval. It should 
be understood that this three-year period is assumed to be 
approximate in view of the fact that monthly data throughout 
this interval are not available. 

Automobile Production. With the development of our present 
mode of living and with the prevailing distribution of population 
and trade, individual transportation by motor car has become a 
necessity for many people. The automobile is one of the most 
widely distributed articles of high unit value and is predomi- 
nantly utilized in the transportation requirements of the indi- 
vidual. As far as this country is concerned, the automotive 
industry is one of man’s most important economic activities. 

Automobile production by years as reported by the National 
Automobile Chamber of Commerce is recorded in Table 3. 

In the foregoing table the combined production of cars and 
trucks is shown in order to indicate the full activity of the in- 
dustry. In general, the declines in a number of the years indi- 
cated would have been numerically greater if passenger cars 
only were listed. The passenger car is by a wide margin the 
predominating factor in the industry. 

While annual production is shown in Table 3, the fourth 
chart in Fig. 1 shows the trend of the industry by months from 
1918 to 1932, inclusive. The terrific non-seasonal fluctuations 
in this important industry are apparent at a glance. Table 3 
shows that the first decline in annual output in this industry 
was encountered in 1918. Since then declines have occurred at 
intervals of 3 years or in 1921, 1924, 1927, and 1930. The 
continued decline in 1931 and 1932 is the first time such a decline 
has exceeded one calendar year. The significance of these three- 
year fluctuations will be discussed later. 
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TABLE 3 THE 


Year Number Year Number Year Number 
1900 4,192 1911 210,000 1922 2,544,176 
1901 rr? 1912 378,000 1923 4,034,012 
1902 9, 1913 485,000 1924 3,602,5402 
1903 11,235 1914 569,054 1925 4,265,830 
1904 22,830 1915 969,930 1926 4,300,934 
1905 ,000 1916 1,617,708 1927 3,401,3262 
1906 34,000 1917 1,873,949 1928 4,358,748 
1907 44,000 1918 1,170,6862 1929 5,358,414 
1908 65,000 1919 1,933,595 1930 3,354,8702 
1909 130,986 1920 2,227,349 1931 2,390,0002 
1910 187,000 1921 1,616,119 1932 1,369,0002 


* Years of decline from prior years. 


Composite Trend of Four Industries. The foregoing summaries 
of the progress of individual industries are confined to a recital 
of facts determined in the manner described. Surely there can 
be no serious question raised regarding these facts. In order to 
emphasize the dissimilar trends of these industries, the four 
prior charts have been combined in one. In this combined chart 
each of the four trends has been slightly smoothed by three- 
month-running averages. The comparison is shown in Fig. 3. 

It is apparent at once that no two of these industries are 
following the same path and that no one of them agrees with the 
fluctuating trend of aggregate business as commonly pictured. 
It is also obvious that in 1920 and 1921 all of them were simul- 
taneously depressed and that this did not again occur until 
1929 and 1930. It is apparent also that there have been partial 
agreements in downward trends as well as complete and partial 
agreements in upward trends in the interval covered. 

It should be beyond logical question that during any period 
of common agreement in trend, either upward or downward, 
there will exist an extraordinarily strong stimulus to strengthen 
and extend the movement due to the increased interaction of 
the industries upon each other and the consequent influence on 
purchasing power. In other words, full phase agreement upward 
tends to create a condition of extraordinary prosperity while the 
same agreement downward will promote abnormal decline. 
This interaction which tends to be self-generating when under 
way and accumulative in its total effects may be compared to the 
phenomenon of “‘resonance’”’ in electric circuits and in acoustics. 

It seems logical to suggest in view of the picture shown in 
Fig. 3 that if the prime origin of these economic movements 
resides in general problems of money and credit, the stimulating 
and depressing effects on the four industries should be more 
nearly simultaneous throughout the period. That this is not so is 
shown by the widely divergent peaks and valleys except at 
certain. intervals. It appears equally logical to suggest under 
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this conception of trade movements that the individualistic be- 
havior of these industries may be due to other causes and, that 
the money and credit structure does not suffer and finally fail 


until a sufficient number of the all-important industries come 
into phase. Thus the stimulus gained from simultaneous up- 
ward trends engenders an extraordinary demand for credit 
which creates a heavy burden of debt, the orderly liquidation 
of which demands a continuance of trade at existing levels. 
The sudden recession in trade which always follows extreme 
heights begins, of necessity, at a high debt level. The satisfaction 
of these debts results in a liquidation that becomes for a period 
increasingly severe and under this strain the credit structure may 
crack. 

With these thoughts in mind it is in order to determine the 
result of combining the trends of the four industries. When 
this is done upon a weighted basis, approximating the pro- 
portions which the four components assume in the family budget, 
the composite trend shown in Fig. 4 results. For the purpose 
of comparison, the trend in “Production of Manufactures’’ 
as determined by the Federal Reserve Board is plotted to the 
same scale and base. This is a volumetric index and embraces 
a sampling of all the basic industries of the country included in 
the census of manufactures. In addition to three of the four 
industries embraced in this study it covers such industries as 
iron and steel, non-ferrous metals, chemicals and oils, rubber, 
leather, paper, ceramics, railroad equipment, and others. 

The close agreement between these two graphs, with such 
radically different components is obvious and of great significance. 
This accord is not due to preponderant weighting assigned to 
the four consumer industries in the Federal Reserve Board index. 
The latter index includes no component from building con- 
struction. This was assigned a weighting of 25 in the index of 
consumer industries, leaving a combined weighting of 75 for 
the remaining three industries. These same three components 
in the Federal Reserve Board index have an aggregate weight 
slightly under 31. It should therefore be clear that the 
agreement shown is not due to coincidence in weighting. If the 
Federal Reserve Board index was thus heavily weighted with 
these consumer industries it would be tacit admission of their 
outstanding importance. 

This agreement between these two widely differing indexes has 
been previously mentioned as the pivotal point in this study. 
It is of great scientific significance. The principles involved in 
the analysis and synthesis of harmonic and inharmonic wave 
forms have been widely accepted and used in the scientific 
world for years. As mentioned earlier in this paper, a striking 
analogy exists in the treatment of composite wave forms of 
electric voltage and current, and of sound. A sound wave is 
normally composed of a certain fundamental wave length upon 
which are superimposed a number of waves of higher frequency 
or shorter lengths. If this longer wave length is a multiple of 
all the shorter wave lengths included in the tone, the shorter 
waves are said to be harmonics of the longer and the result 
is a musical tone. If these shorter wave lengths are not exactly 
divisible into the longer, the relationship is inharmonic and the 
result is noise. The latter condition governs the aggregate 
business curve, a fact which is not inappropriate as this wave 
has certainly produced its full quota of noise. If these relation- 
ships were strictly harmonic their onset would be predictable 
with greater accuracy and the disturbance would assuredly be of 
even greater severity. 

Whether these relationships are harmonic or inharmonic, one 
fact of scientific acceptance stands out and this is that the 
outline or contour of the composite wave form is definitely due 
to the shape and relative importance of its components. A 
corollary of this is that those influences which are responsible 
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for the differing fluctuations of the components are inherently 
responsible for the movements or shape of the compound form. 

A clearer conception of the result of combining two periodic 
and symmetrical waves may be gained from Fig. 5. In this 
case the wave indicated by the heavy line is the resultant of 
the two waves of 2- and 3-year periodicities which are shown in 
full and dotted light lines, respectively. If undistorted by ex- 
ternal causes this wave would be repeated every six years. 

The problem then remains to discover the motivating in- 
fluences that result in the widely differing paths of the four 
dominant industries. 

Before proceeding further with this analysis, it will be well to 
develop briefly the relationship between production and demand. 
There is much misunderstanding and disagreement about these 
two divisions of economic endeavor. The statisties of the De- 
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partment of Commerce and of the Federal Reserve Board jointly 
include much valuable data on inventories and production. — 
Unfortunately, there is relatively little information on sales or © 
demand. Reference has just previously been made to the index 
of production of manufactures computed by the Federal Re- | 
serve Board and which is plotted in Fig. 4. The Department 

of Commerce calculates an index of stocks or inventories of 
manufactured goods. The industries sampled in this case in- 
clude the same comprehensive list of basic industries as those 
used in the production index. These indexes may then, for the 
moment, be considered as comparable; Notwithstanding ll 
lack of sales data, the existence of these two measures affords _ 
a thoroughly convenient means of securing the sales trend. 

The accuracy and significance of the following formula are 
obvious: Inventory, + Production — Inventory: = Ship- 
ments or Sales, where “Inventory:” and “Inventory,” are 
respectively the inventories at the beginning and the end of the | 
month and “Production” is the goods added to inventories 
during the month. It only remains therefore, to apply these q 
existing indexes to this formula month by month to determine 
the sales trend during the same interval. This has been done and 
the results are shown in Fig. 6. The vertical scale on this chart 
is double that used on the prior charts in order to magnify any 
existing difference between production and sales. It will be 
noted at once that production and sales are virtually inseparable | 
in their irregular march over the peaks and through the valleys. — 
This extremely close agreement in two highly fluctuating trends _ 
month by month through this interval of years would be utterly 4 
impossible if either of the indexes of production and stocks was _ 
seriously in error and it may be safely concluded, therefore, that 
the two are comparable as tentatively assumed. The secular 
trends of production and inventories are identical, which indi- 
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cates a uniformity in inventory control measured in terms of 
It is not the size of a plant which determines 
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annual turnover. 
its output, but the load that is placed upon it. 
- In view of this convincing relationship, what becomes of the 
_ need for a master planning control to balance production and 
demand? When all the mists are blown away, does it not come 
clearly to mind that one of the principal objectives of manage- 
ment these many years has been such a balance attained by 
planning, scheduling, and inventory control? Stock rooms are 
not made with rubber shelves and if they were the bankers 
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search, we wish to inquire more closely into the characteristics 
of demand. 


CHARACTERISTICS OF DEMAND 


The term ‘‘demand” as used in this discussion is comprised of 
two components—desire, supplemented by the ability to pay— 
which together are translated into dynamic action or purchase. 7 
Such demand, based on the nature and use of the goods 
purchased, may be divided into producer and consumer classifica- 
tions. All demand, both producer and consumer, may be di- 
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- would soon limit their elasticity. To suggest that production 
_ and demand in the broad economic sense are in balance in the 
- great world of manufactures is not to say that some individual 


component never gets out of step. The ever-working laws of 
chance will usually smooth out such irregularities through com- 
-pensating variations. 
One important interpretation to be made from Fig. 6 is that the 
_ agreement between production and demand is so close that the 
_ two are almost interchangeable. This means that the production 
_ indexes used in describing the trends of the four consumer 
_ industries are essentially equivalent to those of demand. This 
close agreement may also be taken as a measure of ability and 
practise on the part of an industry in following closely the pace 
set by its customer industries. This is an important considera- 
tion in the classification of industries to be mentioned later. 
With this picture of agreement between production and demand, 
we may revert to the problem of determining the causes for the 
highly individualistic behavior of the four industries. In this 


1926 1927 1928 1929 1930 193! 1932 1933 


Fig. 6 ComparRISON OF PropucTION, INVENTORIES, AND SALES OF MANUFACTURED Goops 


vided into two classes: namely, new or first-time and replace-— 
ment. It will be advisable to define each. 7 

New or first-time demand emanates from those industries and . 
individuals who come into the market for the first time for the 
commodities in question. 

Replacement demand, for the purpose of this discussion, is 
composed of those purchases which replace similar commodities 
which have been worn out, discarded, or transferred to other 
users. 

It will be obvious upon a moment’s consideration that these — 
two basic classes of demand may have widely varying importance ~ 
in different industries. For example, the demand for clothing is — 
overwhelmingly that of replacement; the demand for auto- _ 
mobiles is rapidly reaching this condition; while the demand for 
electric refrigerators is preponderately first-time demand. 

We have previously classified commodities into producer and 
consumer merchandise. Before proceeding further with the 
study of demand, still another classification of commodities ; 
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should be made. All commodities may be divided into two groups, 
perishable and durable. In the use of these terms in this dis- 
cussion, perishable commodities are considered to be those 
whose useful life is less than one year, while durable commodities 
are those which will last over one year. It is apparent that both 
producers’ and consumers’ goods are divisible into these twp 
classes. We therefore find that demand, itself, is composed of 
producer and consumer requirements both of which embrace 
perishable and durable goods for which the demand is either first- 
time or replacement. The significance of this classification 
is that activity in demand and production follows the same 
principles in both consumer and producer industries and that 
these principles may prove to have great economic significance. 

The demand for short-lived goods is in some respects the sim- 
plest we encounter. This is especially true with regard to perish- 
able staples. Growing style influence and consciousness are 
transferring more and more goods from the staple to the style 
class with increasing difficulties in properly balancing supply 
and demand. This is also having no small part in the increasing 
flood of small orders. The trend of such demand, plotted against 
time as a base, instead of showing a relatively stable performance 
will rise rapidly from zero to some indefinite height and then 
decline more or less symmetrically to zero and before this time 
it usually will be supplanted by another style which repeats 
the cycle. 

The demand for durable goods in continuing use presents a 
totally different picture although such goods are in part subject 
to style influences. 

The natural growth trend for such goods is shown in Fig. 7. 

With the passage of time the total sales of a durable commodity 
in continuing use will normally follow the trend illustrated by 
graph A. Total sales after replacement begins is made up of two 
components, first-time sales to new buyers and replacement 
sales to former buyers. The total sales trend will set the pace for 
replacement sales at the expiration of the average life of the 
commodity before replacement. Therefore if the total sales 
curve be reproduced at a later interval equal to the average 
life before replacement, the trend of replacement sales will be 
indicated. This is shown by graph B. Original sales to new 
buyers are obviously the difference between total sales and re- 
placement sales. This difference is shown by graph C. This 
graph is particularly interesting because it shows the turning 
point and maximum value of original sales. 

As the life of any business is extended, its replacement sales 
will normally become of greater importance. The increasing 
percentage of replacement sales to total sales is shown by graph D. 


Tue REPLACEMENT CYCLE 


It is obvious that with the passage of the years, a tremendous 
proportion of merchandise has attained a use that is pre- 
ponderantly replacement. In other words, the replacement 
market and any outstanding characteristics which it may assume 
will have great economic significance. There is a characteristic 
of the replacement market which may prove to be of first im- 
portance in our study of economic conditions. It is a phenomenon 
of demand. 

It may be assumed for the moment that the trend of demand 
for a durable commodity in broad general use for a long period 
of years will be reasonably uniform from year to year if not 
influenced by shortage of supply or lack of income at any par- 
ticular time. Since this discussion applies to a durable commodity 
in long-continued use, it will follow that the replacement demand 
is an important share of the total market. Suppose now some 
transient event takes place of such nature and importance 
that the supply or demand is seriously impaired; for example, 
our entrance into the World War. This immediately created 
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chaos in the automobile industry and reduced the output and 
demand for passenger cars in 1918 over 45 per cent below that of 
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later time. However, this commodity under discussion is a 


durable commodity whose useful life in the hands of its original _ 
purchaser will be fairly definite because of wear and tear or ob- 


solescence in style or design. 


The serious decline in sales during the period of interruption, _ 
no matter what the cause, means that at a later time equal to © 
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the prevailing life of the commodity before replacement, another 
decline will be induced. This follows because the number of © 


units of the commodity to be replaced during the subsequent — 
period will be less than normal by the amount of the enforced — 


decline in the prior period, but this decline is only a deferment, 
not an elimination. When normal conditions return, the usual 
replacement for that period will occur on schedule but to that | 


quantity will be added the deferred buying from the prior period 


which will carry the total demand above the prior uniform trend. _ 
Thus a decline in demand is followed by a resurgence which © 
carries the total above any prior levels and a period of depressed 
demand is followed by one of super-normal magnitude. The 
commodity, however, still possesses the same useful life which 
means that replacement which is an important share of the total 
demand will in subsequent years tend to follow the same surging 
pattern. This is illustrated diagrammatically in Fig. 8 in which 
the life of the commodity before replacement is assumed to be 
two years. In this illustration sales made in the year A are 
normally due for replacement in the year A’ and sales made in 
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1917; the first actual decline in any year within the history of __ 
the business. Such an interruption means that a large number | 
of original as well as replacement sales will be deferred until a — 
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the year B are likewise due for replacement in the year B’. 
This progression of demand will carry forward into the years 
A”, B”’, etc. as shown. 

Thus the decline in total sales in any one period becomes in 
effect a decline in replacement sales in a subsequent period. 
But no material decline in replacement, when replacement 
is a large share of the total, can occur without inducing a simul- 
taneous decrease of some magnitude in first-time sales for that 
period. This is true because a disturbance of this nature will 
result in declining demand for the commodity itself as well as 
for raw materials thereby causing unemployment in contributory 
_ industries as well as in the one directly affected. The effect thus 
begins to spread in all directions. The total decline in demand 
will then be the sum of the two. The translation of these declines 
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from period to period in both types of demand is illustrated, 
diagrammatically only, in Fig. 9. 

This phenomenon or characteristic of demand for durable 
goods may be termed the “Replacement Cycle.” 

Conditions Necessary for Formation of the Replacement Cycle. 
From the foregoing considerations it may be said that the condi- 
tions necessary to produce recurring declines in demand for any 
durable commodity are: 


(1) Any external or internal event that will cause a serious 
break in the continuity of demand 

(2) The commodity and its use must be of such nature 
that purchase may be deferred for a reasonable length of 
time 
The existence of any factors such as wear and tear, 
style changes, or similar conditions which result in an 
average life before replacement that is fairly definite 
and greater, for example, than one year when the year 
is the unit used for the measurement of time 
The absence of an unusual new or original demand that 
would counterbalance the loss in replacement sales 
resulting from the prior period of decline. 


In the third condition just previously outlined, the existence 
of a “fairly definite” life of the commodity before replacement 
is imposed. This term needs further explanation. It means 
that the replacement buying habits of purchasers must be 
sufficiently uniform to produce a certain degree of concentration 
in the life of the commodity before replacement. Thus if ten 
men each bought a suit of clothes at the same time and if the 
first one replaced at the end of one year, the second at the end 
of two years, and so on uniformly until the tenth man replaced 
at the end of the tenth year, the replacement cycle would not 
exist. However, if five or six of the ten replaced at the end 


of the second year or if three replaced during each of the second 
and third years, there would be a concentration of buying that 
would satisfy this condition for the replacement cycle. These 
latter figures are illustrative only. It is necessary only that there 
be some predominant or typical time at which a higher pro- 
-portion of replacements is made. 

Replacement of commodities bought at any particular time 
will usually conform to this requirement because they tend to 
follow the general trend of the normal “frequency distribution” 
or “probability curve” with the area of highest concentration 
around the average life before replacement. This will be illus- 
trated later when the replacement cycle in the automobile 
industry is discussed. 

A thought that will naturally arise is that, by an averaging 
process, such oscillations should soon die out through a series of 
constantly diminishing fluctuations. This attenuation most 
assuredly would occur if no other influences were at work. 
The operation of the cycle would also ultimately cease with the 
disappearance from the market of those whose buying was first 
affected by the external event that produced the distortion. As 
previously mentioned, however, no real disturbance of the re- 
placement market, when this demand is an important part 
of the total, can occur without disturbing the buying program 
of original buyers about to come into the market. Thus some 
additional purchasers are affected at each recurrence. Further- 
more, each time there is a major coincidence of these trends, as 
in the present depression, a new impetus of wide amplitude is 
provided and the train of surges is renewed with additional 
vigor. In addition, war as a disturbing factor comes into the 
picture with-sufficient frequency to leave a new heritage of such 
trouble in its wake. War has this unique effect in participating 
countries: It unduly stimulates certain industries while greatly 
depressing others. No other random event possesses the power 
to do this on a large scale. Thus, the very onset of war gives 
birth to the major fluctuations which result in the ensuing 
replacement cycle. 

What is the real significance of this replacement cycle in its 
operations? It provides both a cause for and an explanation 
of a variation in demand that is not induced by a variation in 
income or loss in buying power. It is inherent in demand, itself, 
and initially independent of buying power. When such a decline 
in replacement demand is due, it will begin without any prior 
change in income levels for the reason that the existing replacement 
market is satisfied for the time. During a period of market dis- 
turbance, the only replacement demand that is subject to de- 
ferment is that which is due for replacement during that period. 
Other replacement demand is not affected at the time and will 
reassert itself on schedule after normal conditions return. To 
this will be added the deferred demand as it gradually comes 
into the market. From this time forward, as far as the individual 
is concerned, replacement goes on normally until the next 
disturbance. The subsequent decline induced by the operation 
of the replacement cycle does not arise through the conscious 
act of any group of individuals. Rather is each one pursuing his 
normal replacement schedule. What does happen is that inte- 
grated replacement demand is no longer uniform from time to 
time because more of us are now making some important purchase 
at one time than at another. These surges due to the replacement 
cycle are similar to those caused by seasonal changes but occur 
at longer intervals and last for longer periods. 

We are then brought face to face with the conclusion that 
those industries producing durable goods in sustained demand 
may sooner or later be subjected to the influence of an oscillating 
or surging demand induced primarily by the operation of the 
replacement cycle following some prior major disturbance. 
Furthermore, the time interval between these surges will vary 


| 
ip. 
— ay! [NAY 
A 
— 
maw 
— 


> 


among different industries according to the prevailing life of 
their commodities before replacement. 

It is not suggested that the full amplitude of variation above 
and below normal is directly measured by the volume involved 
in the replacement cycle. On the contrary, a relatively small 
proportion of the whole change may be traced directly to this 
cycle. Business is in such a state of sensitive balance that 
relatively minor changes will put in motion the involved forces 
that will cause the movement to feed upon itself and grow with 
accumulative effect. In other words, changes induced by the 
operation of the replacement cycle may be compared with the 
loosening of the first stone that causes the avalanche. 

To the scientist and the engineer this latter thought may 
again suggest the similarity between the generation of the re- 
placement cycle with its accumulative spread in all directions 
and the origin of resonance in a power circuit. In this latter case, 
the source of what ultimately becomes of serious consequence 
may reside in some minute, periodic change in voltage that builds 
up with astonishing rapidity and effect when conditions are 
favorable to it. Likewise, destructive vibration may be pro- 
gressively set up in a mechanical structure or prime mover by 
sources originally so minute as to avoid detection providing 
physical conditions are favorable to the propagation of this 
influence. 

Because of the sensitive balance in industry and commerce, 
a deviation of ten per cent above or below usual levels means the 
difference between prosperity and depression. A fractional 
amount of this disturbance may then be sufficient to start 
the self-propagating movements on their way. The terms 
“vicious circle’ and “destructive spiral” have been frequently 
used to describe the business condition wherein a relatively 
small change induces further change of accumulative intensity. 
In truth, it seems that the instruments we have set up to detect 
these disastrous changes lack the sensitivity to catch the early 
movements which later become so obvious. When once released, 
the expansive power of these small self-generative movements 
is enormous. 


INFLUENCE OF THE REPLACEMENT CYCLE ON VARIOUS [INDUSTRIES 


How do the characteristics of the four industries conform to 
the conditions necessary for the formation of the replacement 
cycle? If the periodic tendencies, where they do exist, coincide 
in duration with the usual life of the commodity before replace- 
ment, the indication is very strong that this phenomenon may 
furnish the origin of such fluctuations at repeated intervals. 
In discussing this question as it applies to the several industries, 
it will be well to consider the automobile industry first as the 
records are simpler and more complete. 

The Automobile Industry. From the beginning of this industry 
to 1918, the output did not show a decline from one year to the 
next. In the depression years during this interval there was a 
retardation in the rate of increase but never a reduction in 
output. This retardation should be considered as an effect, not a 
cause. In 1918 there was a decline in output and sale of over 
800,000 passenger cars or about 45 per cent of the-1917 output. 
This was unquestionably due to war conditions which reacted on 
the passenger-car industry with peculiar force. Following this 
first and large reduction, a major decline reappeared every third 
year—namely, in 1921, 1924, 1927, and 1930—and in no inter- 
vening years. This seemed too often and too regular to be a 
coincidence and the question arose as to what induced it. From a 
consideration of this question it seemed obvious that, if the output 
of passenger cars in 1918 was 800,000 less than that of 1917, the 
replacement of 1918 sales should be 800,000 cars fewer than 
replacement of 1917 sales, and this decline would occur in the 
normal replacement period for 1918 sales. If the successive 
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reductions were the result of enforced fluctuations in replace- 
ment, it seemed logical to conclude that the average new-car 
buyer kept his car about three years before trading for a new one. 
The conclusion seemed logical, the three-year period seemed to 
be in accord with common practise, but there were no available 
records to answer the question. 

Finally, one of the large motor-car companies after a check 
of its records furnished the following information regarding 
the length of time new-car buyers retain their cars: For one, two, 
three, four, and five years the percentages are, respectively, 
9.9, 38.6, 29.8, 13.6, and 7.7. 

This accounts for 99.6 per cent of the new-car buyers and the 
weighted average time is approximately 2.75 years. The actual 
average computed in months might vary slightly from this 
figure and a more extensive search might modify the results to 
some extent. The data, supplemented by common experience, 
are sufficiently representative to support the conclusion pre- 
viously reached, that the typical new-car buyer replaces his car 
about every third year. It should be realized that the new- 
car replacement demand does not come from those who drive 
old ones to the scrap heap but from those who trade used cars 
on new purchases. The Ford Motor Company was out of pro- 
duction several months in 1927 and this naturally increased the 
severity of decline in that year. It will be noted, however, 
that the depth reached in the latter part of 1927 merely marked 
the end of a drastic decline that began at a high level early in 
1926. This downward surge was far greater and started much 
earlier than that induced by the closing of the Ford plant in 1927. 

It must be clearly stated that the operation of the replacement 
cycle does not account for the full depth of the decline. On the 
contrary it may directly produce a relatively small part of it. 
The calculated reduction in replacement sales in 1921 due to the 
original decline in 1918 was 62 per cent of the actual total decline; 
very much more than necessary to start the downward trend. 
The corresponding ratio for 1924 was 18 per cent and for 1927 
and 1930, 16 per cent. These percentages are still sufficiently 
large to start the self-generating surges which develop accumula- 
tive energy as they progress. As suggested previously, this 
action is closely analogous to that of resonance in an electric 
circuit where enormous surges may be initially started by very 
minute oscillations when conditions are favorable. 

While the new-car buyer exchanges his car on the average 
every third year, the average useful life of the car according to 
the National Automobile Chamber of Commerce is seven years. 
There is, then, an average life of four years in a car after it has 
left its original owner. This margin provides a relatively long 
period during which the original purchaser may defer replace- 
ment if the incentive to do so is sufficiently strong. This is 
exactly what is happening during the current depression and is 
responsible for the long-continued decline in the industry. 
When replacement is actively resumed, the period during which 
such deferred demand will be satisfied will undoubtedly make 
the recovery period longer than those in the recent past. Thus, 
there is in these conditions the opportunity to force the auto- 
mobile cycle out of its prior periodicity, but unless buying habits 
are definitely changed the former surge will be resumed after 
renewed demand is satisfied. The present decline will induce a 
later one. The greater the possibility of deferment of replace- 
ment demand, the greater is the possibility of such demand 
temporarily departing from its natural fluctuations. Thus the 
automobile and building industries are now forced out of their 
strides while the clothing industry which is much closer to the 
level of necessity and the product of which is subject to much 
shorter life, is maintaining its rhythm although at definitely lower 
levels. 

It seems apparent from the foregoing discussion that logical 
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causes for the recurring three-year cycle in automobile output 
have been determined. We therefore have in this case, a serious 
recurring condition in our economic life that for the most part 
is the direct result of the interruption of the natural flow of trade 
by the great war. It is a fact, however, that surges similar to 
this but of much smaller magnitude would ultimately have been 
introduced into the automotive industry as an effect of the re- 
curring depressions such as have visited us long before the origin 
of the automobile. What originally were merely periods of re- 
tarded growth would have become net declines as the demand 
stabilized in accordance with the trends shown in Fig. 7. Effect 
and cause then become hopelessly intermingled. Certainly it 
seems reasonable to suppose that similar movements having 
their origin in the replacement cycle in other important industries 
may induce serious distortions in all trade when they occur 
simultaneously. 

Food. It is evident that food and its use will not conform to 
the conditions outlined for the formation of the replacement 
cycle. The existence of this phenomenon should therefore not be 
expected and it is not found. The trend is the most stable of the 
four examined and such minor fluctuations as do occur are quite 
irregular. Strictly speaking, there is a distinct periodicity in 
replenishment of food supplies. This is manifested in any 
locality by the well-defined “rush hours’’ in retail grocery stores. 
This is of technical interest only inasmuch as we are measur- 
ing such frequency of replacement in terms of months or 
years. In this sense, reflection will suggest that characteristic 
or predominant frequency of buying may apply to most com- 
modities. 

Textiles. In this industry we find wider divergence from 
the average and a very definite two-year periodicity. What 
characteristic of this industry should result in such pronounced 
two-year variations? The industry is divided into three main 
groups, namely, cotton, wool, and silk. Each of these, as mea- 
sured by textile fiber consumption, is found to display in varying 
degree the same two-year fluctuations. The industry as a whole 
produces a countless variety of products and yet as is usual in 
such cases a few lines predominate. Wearing apparel is of over- 
whelming importance and of this class, durable garments are of 
greatest value. It is to be expected therefore that they may 
impress their characteristics on the industry. 

How often on the average do most people replace their durable 
garments? Unfortunately, there is a serious lack of data upon 
this important question. The following facts, however, are 
known: 

(a) A critical study of the levels of production and inventory 
shows that the sales of textiles as a whole decline every other 
year. While data are not available for evidence, it is known that 
the sales of certain large textile companies show decided reduc- 
tions every other year in agreement with the timing shown by 
the second curve in Fig. 1. 

(b) One statistical organization specializing in the textile 
industry announced that for a period of years between 1920 and 
1930, examination had disclosed that on the average each man 
bought one-half a suit of clothes per year. This obviously is 
equal to a suit every two years. According to this same agency 
the foregoing average was reduced to 0.38 of a suit per year in 
the current depression. 


have resulted in the provision for replacement of women’s coats 
and dresses every two years while two-thirds of a suit per year 
for the men is provided in the budget. This average would tend 
to be lower in rural areas and higher among the greater incomes 
in the urban areas. 

These fragmentary bits of information taken in connection 
with the characteristics of the replacement cycle and the un- 
mistakable trend of the textile industry warrant the conclusion 
that the replacement cycle is probably the source of the repeated | 
oscillations in this industry. Final proof of the truth or falsity — 
of this position can be secured by a comprehensive survey of 
buying habits and of sales in the industry. 

Building Construction. It has been shown that the trend in 
building construction is featured by short-term fluctuations, 
approximating three years in length, superimposed on longer 
variations indicated in one 30-year span to be about 20 years 
apart. Are these fluctuations manifestations of the replace- 
ment cycle? It is obvious that any short period of three 
years can have no direct relationship with the life of buildings 
before replacement. It is not so certain that this can be said of 
the 20-year span. Studies by various real-estate and building 
agencies and decisions of the Treasury Department for tax 
purposes seem to fix upon a typical structural life of 40 to 50 
years. Any building, however, is obsolete long before it has 
reached this age. This is caused by changes in design and equip- 
ment and by migration of commercial, industrial, and residential 
centers. 

The National Building Owners’ and Managers’ Association, 
in a comprehensive study of operating income and expenses on a 
large list of identical buildings in a number of cities, found that 
income from rentals takes a sharp drop after twenty or twenty- 
one years of life. This is undoubtedly significant. There can be 
no doubt that after twenty years of life a building is no longer of 
first rank. Early tenants of commercial buildings have in most 
cases moved to more modern quarters and have been replaced 
by others yielding lower rentals. Residential property for the 
most part will have been replaced with more modern quarters 
long before its structural life has ended. It seems entirely 
possible that the 40- to 45-year life of the building corresponds to 
the seven-year life of the automobile and the 20-year period in 
the life of the structure to the three-year period in the life of 
the automobile. 

A most interesting confirmation of the long- and short-term 
movements in real estate activity is described by Lewis A. 
Maverick in the Journal of Land and Public Utility Economics © 
for May, 1932, in an article entitled “Cycles in Real Estate — 
Activity.” Mr. Maverick studied three measures of real-estate — 
activity for the period from 1853 to 1929. Official county records — 
were utilized in this analysis which included the number of lots 
added by subdivisions, the number of deeds recorded, and the — 
value of property transferred. When these long series were 
statistically smoothed, he found throughout the interval a series — 
of long fluctuations of fifteen to twenty years between centers — 
and, superimposed on the top of this trend, a series of short- — 
term movements predominantly three years in length. These 
movements had no relation whatever to increases in aa 


construction data. 


tion and have absolutely nothing in common with building 

The last two peaks were coincident a 
those shown in Fig. 2. Similar long-term movements in resi- 
dential construction have occurred in Greater London where, 
between 1871 and 1916, such construction progressed in ll 
great waves just twenty years apart. 

The short-term surges in construction are of much interest. 
They not only appear definitely in building construction but are 
also typical of many of the fluctuations in general business 
throughout the life of the nation. Prior to the advent of the 


(c) A large manufacturer of women’s coats has stated that 
the records over an extended period positively show that women’s 

- coats are replaced on the average every two years. 
_ (d) One commercial survey in a small city showed an average 
_ purchase of one suit approximately every two years by the men 

of the family. 

(e) Detailed investigations on cost of living in workmen’s 
families, made by the National Industrial Conference Board, 
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automobile, building construction was certainly the most highly 
variable industry of large magnitude. From the standpoint of 
economic value and extent of fluctuation combined, it is probably 
of the greatest importance today. Is the three-year period in 
construction activity the cause or the effect of similar movements 
in other branches of business? If a logical reason can be found for 
these oscillations in construction, it may indicate their causative 
influence. 

This industry is widely scattered and highly individualistic. 
It is not subject to the control afforded in manufacturing by 
proper scheduling of production to meet the requirements of 
inventory and sales. There can be no reasonable doubt but what 
there are recurring times when we are overbuilt, but why should 
the three-year periods appear with such consistency? An immense 
amount of credit is needed to finance this industry. The unit 
value of the transactions is large and the percentage of credit 
required is high. These credit requirements are undoubtedly 
larger than those needed for any other single industry. 

While the long-term investor ultimately supplies much of 
this credit, a large part of the actual construction is usually 
carried on by loans subject to relatively rapid turnover. Time 
will not permit an extended discussion of these conditions but 
it may be said that much residential construction money may 
at intervals be turned over two or three times a year by those 
who make a business of supplying such funds. Mortgage loans 
are commonly extended for periods of one, three, five, and ten 
years. Examination of data pertaining to such credit indicates 
that the weighted average duration of all such loans may fall 
between three and four years and probably nearer the former. 
Data have not yet been found from which such an average can 
be accurately computed. The fact remains, however, that except 
for those mortgages going into the hands of permanent investors 
and remaining there, the turnover of such loans would no doubt 
be somewhat less than once every four years. There is undoubt- 
edly a definite typical length of such loans. 

Under these conditions, it seems entirely possible that the 
principle of the replacement cycle applies to the extension and 
release of credit in construction. Capital available for financing 
construction is not unlimited. As the volume of construction 
increases in an era of prosperous times, more and more capital 
is involved until credit so extended reaches abnormal heights. 
This naturally means that during such a rise less and less capital 
is available for this purpose. The end of such an upward move- 
ment is usually featured by a surplus of available facilities and a 
greater inability to dispose of the mortgages created through this 
activity. This naturally results in a retardation of building 
and construction then begins to recede from its high levels. 
The capital tied up in these enterprises, however, will be released 
only as mortgages are sold or payments are due under existing con- 
tracts. It follows directly, therefore, that after a building peak, 
the maximum funds released from prior contracts will be attained 
at that time representing the maturity of the greatest amount 
of funds loaned. Such a time would be determined by the 
weighted average of maturity dates on the credit extended. 
Thus it will be seen that if there is no other influence to distort 
the flow of funds, such flow will tend to follow a surging path 
with the interval between waves represented by the average 
duration of loans. It seems entirely probable that the three- 
year fluctuation in construction is induced by this behavior. 
It is not to be supposed that this periodicity would remain fixed 
under all circumstances. The conditions imposed by the credit 
instruments themselves will usually prevent a quicker repay- 
ment of the loans than that specified, but there is nothing to 
compel the reloaning of such funds as soon as they are repaid. 
This means that if three years be assumed as the average dura- 
tion of a loan, this interval between surges will not be materially 
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decreased but it may be increased if conditions are not favorable — 
for reinvestment of construction funds in the industry. 

A continuous production and consumption of food is essential — 
to life itself and therefore is not subject to serious interruptions. _ 
The long life of buildings is supplemented by the ability of — 
people to “double-up” under stress and this means an enormous _ 
and sustained capacity to retard normal construction. These _ 
are the fundamental reasons why building construction is sub- 
ject to much wider fluctuations than food production. The » 
fact that the nominal three-year cycle does not maintain itself 
during times of economic storms is therefore to be expected. 
Conditions at such times are not favorable to extension of | 
credit. It will be recalled that mention was previously made of © 
the fact that the only deviation from the three-year oscillation _ 
between 1900 and 1930 was when depression periods intervened. 

If this conception of the ebb and flow of credit is correct, — 
it is of tremendous importance and is worthy of much study. — 
The conclusions and the questions arising in this analysis in — 
no way minimize the importance assigned to credit control by _ 
many investigators. Rather do they supplement these con- | 
victions by breaking the problem up into its component parts _ 
and suggesting their real sequence. The reasoning behind these 
conclusions is sound. The proof of the average duration of loans 
has yet to be derived. ~ 


CLASSIFICATION OF INDUSTRIES 


From the consideration of the differing characteristics ex- — 
hibited by the various industries is derived a basic classification _ 
of all industries: 


First, there is that class that displays the greatest . 
stability of all yielding only slightly to the influence of major > 
depressions. It is typified by staple foods and tobacco. 7 

Second, comes that group which yields sharply to 
general business conditions and whose path follows that of 
aggregate business. The duration of depressions in these 
industries will be shorter or longer than that of general 
business depending on the ability to defer purchase. Ex- 
amples of such products are shoes and food luxuries. 

Third, there is that group which, due to conditions 
inherent in them and their use, yield to the influence of the 
replacement cycle and develop characteristic periodicities 
of their own. Examples of this class are automobiles and 
textiles. 

Fourth, comes a group which, subject to their own 
inherent conditions only, might fall into any of three prior 
groups but which are so thoroughly dominated by the 
industries they serve that they follow the production levels 
of those industries. Examples of this class are the production 
of cans as strongly influenced by the food-canning industries, 
and machine tools whose activity is predominantly con- 
trolled by the automotive industry. It is in this class that 


most of the so-called producer industries will be found. =_ 


With this conception of the nature of fluctuating demand ~ 
upon business, it becomes clear that the so-called producer 
industries take their tempo in last analysis from the demands 
placed upon them by the production of consumer goods. It 
may then be suggested that all industries fall into one or more of 
four basic groups with a pilot industry or pacemaker leading each 
group. This intricate interlacing of industries, with each group 
following its own path, ultimately weaves the pattern of aggre- 
gate business. This pattern is only relatively fixed and may be 
distorted by the extraordinary reaction of industries upon each 
other when their trends are simultaneously upward or down- 
ward or when they are all confronted by some major random 
event such as a declaration of war between major countries. 
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This ability to ‘“follow-the-leader’’ may be definitely inferred 
from the extreme fidelity with which production follows demand 
as previously described and shown in Fig. 6. 

This idea of the ebb and flow of industrial and commercial 
activity in various channels defined by a few dominant industries 
should be of value to any organization in charting its own course. 
Its position on its normal growth curve as illustrated in Fig. 7 
should be determined. The relative importance of its principal 
customers by industries can be evaluated from the sales records. 
The probability and degree of fluctuation in demand from each 
customer can be approximated by working from the foregoing 
classification of industries. Such a picture should be of great 
aid in facilitating proper control of production schedules, in- 
ventories, advertising, sales effort, and capital investment. 


INCREASING Deptus OF Major Economic DEPRESSIONS 


It is almost axiomatic to say that those industries which 
have carried us down into these depressions are the ones which 
must finally lift us out of them. The discussion of industry 
trends and of the replacement cycle has conveyed a picture of 
widely differing characteristics in these dominant industries. 
The capacity of any industry to carry us into the depths of de- 
cline and to bring us out of them is dependent on two things: 
first, the economic weight or importance of the industry in meeting 
human requirements, and second, the degree of fluctuation 
characteristic of it between good and bad times. Thus if this 
capacity be considered as a product of these two factors, it 
becomes in reality an energy component in these movements 
and may be termed economic momentum. The great food in- 
dustry with the heaviest weighting of all is of little importance 
in recurring economic surges because its amplitude of fluctuation 
is so small. Building construction, on the other hand, is of 
lesser weight but vastly more important in promoting economic 
surges because of its extremely wide fluctuations. The concep- 
tion should then be held of a vast array of industries, each of its 
own proportionate importance in our budgets, but each subject 
to a varying degree of oscillation through the years. This 
variation in amplitude will be in proportion to our ability to 
eliminate, defer, and expand purchases with the needs and de- 
sires of the day. 

The replacement cycle is set forth in this analysis as the 
continuing cause of these recurring surges in certain industries. 
If this be true, the initial distortion that first gave impetus to the 
replacement cycle must still be isolated. It is quite characteristic 
to assign the reason for each recurring economic storm to some 
special condition predominating at the time. But a succession of 
these surging movements of trade has run through organized 
society for many generations. Why is it not logical to suppose 
that there may be some factors common to all these generations 
that have produced these serious results? 

The replacement cycle is a phenomenon of demand, and de- 
mand has existed through all generations since barter began. 
Food, clothing, and shelter have been the dominating require- 
ments of man through all this time and will continue to be as 
long as he exists. The combination of these three basic neces- 
sities in a weighted total matches the timing of the business 
fluctuations very closely but with generally diminished amplitude. 
This latter point is of economic interest and importance. Ob- 
servation of the long-time trends of business shows clearly that 
the major depressions are growing deeper. As the standard of 
living rises, a larger and larger percentage of the family budget 
is expended for more articles that are farther removed from the 
levels of bare subsistence and minimum demand. More and 
more people are employed in the industries that make these 
products, and more of the profits of all business are derived from 
them. With this increase in the standard of living the per capita 


purchases of durable goods are increasing. The longer the useful 
life of a durable commodity, the longer can deferment of replace- 
ment occur. The replacement of a rug can be postponed longer 
than replacement of a suit of clothes. We find statistically what 
judgment tells us should be so, namely, that those industries 
producing luxuries and the longer-lived durable goods are the 
ones which suffer the greatest decline in times of economic 
stress. Since these industries are gradually comprising an in- 
creasing share of our activities, it follows directly that our re- 
trenchment capacity is increasing. This means that as the 
standard of living rises we are naturally subject to greater 
hazards of unemployment and deeper depressions. As the stand- 
ard of living rises, the elasticity of demand increases. A wider 
distribution of income would tend to raise the standard of living 
but by the same token to increase the depths of major depres- 
sions when they do come. It is not the amount of money spent 
but the rate of spending which governs uniformity in trend. 


INITIAL DISTURBANCES IN Economic TRENDS 


The question still remains as to what was the first disturbing 
influence that destroyed the even flow of goods between producer 
and consumer and what events have happened to renew these 
impulses. 

Among the transient events of both natural and human origin 
that may exert seriously disturbing effects on industry and trade 
are famine, pestilence, flood, drought, earthquake, tornado, 
revolution, war, an occasional excess or short yield of crops, 
and various other happenings. Most of them are usually quite 
localized and would be incapable of producing wide-spread 
unfavorable effects. Of all the isolated and random events of 
importance, war seems to predominate. It has accompanied 
man through history and is probably the most potent force for 
producing the original impact of which the replacement cycle is 
but the continuing echo. This thought does not exclude the 
possible effect of important random events. The behavior of 
the business graph rather suggests the existence of quite regular 
or periodic forces of varying frequency and amplitude upon 
which are occasionally superimposed certain irregular and tran- 
sient forces of varying importance. 

The conjunction of downward trends in a number of important 
industries may precipitate a general depression of such severity 
that it will break up for a time the natural periodicity of some 
industries. The onset of a major war might have the same 
effect, the result of which would be to start a new succession 
of surges of increased amplitude. Thus each new disturbance is 
the progenitor of more to follow. 


CorrEcTIVE MEASURES 


Granting the validity of these thoughts regarding the re- 
placement cycle, what can be done about it? It is not within 
the scope of this paper to present a treatise on all phases of these 
economic oscillations. Nevertheless, some reference to corrective 
treatment is impelled by the nature of the suggestions regarding 
causation. Corrective measures may be considered as of two 
types—preventive and remedial. It seems logical to say that 
neither of these can attain maximum effectiveness until sub- 
stantial knowledge of the actual causes can be acquired. 

When Elmer Sperry studied the application of the gyroscope 
to the stabilization of ships, he realized the difficulties in the 
way of counteracting the roll of a ship when it was once fully 
developed. The energy required is too great. He noticed that 
the roll of the ship was essentially periodic but was not directly 
in unison with the pounding of the individual waves. He reasoned 
that it was the accumulative resultant of a series of wave im- 
pacts modified by the design of the ship. From this conception, 
he concluded that if he could make the apparatus sufficiently 
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sensitive to detect and counteract the individual wave compo- 
nents before their energy accumulated, the idea might be feasible. 
The application was developed in this manner. 

In the same way, under this conception of economic surges, 
preventive measures applied to a massive roll of the whole 
business structure must lack the compensating energy required. 
On the other hand, the application of counteracting forces 
properly timed to neutralize the oscillations in the individual 
industries before they attain real momentum might prove 
effective. It should be remembered that these surges are initially 
due to the fact that more of us are buying certain important 
goods at one time than at another and that this numerical 
and economic inequality should be adjusted by shifting the 
buying periods of part of the people. Thus demand should be 
stabilized by damping the surges of the replacement cycle in 
their incipient stages. The same type of consideration should 
be applied to the short-term fluctuations in building construction. 
This would possibly involve elements of control similar to those 
applied to production and inventories in manufacturing. 

Those industries whose operation and control are more highly 
centralized may offer a more favorable opportunity for co- 
ordinated action than those which are highly individualistic. 
The way might have to be cleared legally for joint action on 
price and supply so timed as to retard buying at the peaks and 
accelerate it in the valleys. Such methods, if effective at all, 
might have to be applied in degree through several cycles before 
sufficient leveling resulted. It may be suggested that our 
luxury taxes are usually imposed and removed at just the time 
to accentuate the surges in the industries to which they apply 
and that these same industries are among the ones which natu- 
rally are subjected to the greatest fluctuations. Stability of 
tax receipts requires stability in source. 

Centralized control of a highly individualized and widely 
scattered enterprise like building construction is scarcely fea- 
sible. Even the smallest of manufacturing plants cannot operate 
successfully without balancing of inventories, production, and 
sales. In the tremendous building industry there is nothing 
to compare with the records and methods so necessary in manu- 
facturing. Decentralized control through a running record of 
available facilities modified by building permits, completion, 
occupancy, vacancy, and demolition notices might prove to be of 
advantage providing necessary control of credit can be main- 
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Timely control of this speculative credit would be essential. 

While any remedial treatment to be undertaken is intimately 
involved with preventive measures, separate consideration must 
nevertheless be given to the former. These recurring declines 
in trade are always featured by serious contraction in prices, 
volume of trade, employment, and, finally, in enforced liquida- 
tion throughout the business structure. If there is a break in 
demand when demand and output are at abnormally high levels, 
the increase in inventories will tend to be very rapid. This will 
very quickly force a break in prices which in turn will accelerate 
the decline and the vicious movement is under way. Stability 
of demand is a prerequisite of stability in prices. When prices 
are at abnormal heights they are increasingly sensitive to changes 
in demand. Up to a certain point increases in demand at such 
times are extremely likely to induce further extraordinary 
growth because such times are eras of high wages and profits. 
Earnings at high price levels are ordinarily greater than at low 
levels. This most naturally drives the security markets in the 
same direction. Thus, the ability supplemented by the desire 
to buy before another price increase tends to elevate all factors 
of trade with the resulting periods of inflation so common to these 
movements. In due time the turn will come, invisible at first 
but rapidly approaching the stage where all the upward mo- 
mentum is reversed with disastrous effect. 

No real perspective of the price trend and its importance can 
be gained without reference to the long-term movement of prices 
which is shown in Fig. 10. 

Mechanical analogies will suggest the extreme instability 
of the towering price structures existing in the three peaks. 
The cause of the three enormous peaks is obvious from the chart. 
As against the level in 1926 which is taken as 100 per cent, the 
average for the 135-year period is 76.9. The long-term trends 
following the three high peaks are certainly significant. The 
facts that only 18 years out of 135 were featured by prices at or 
above 1926 levels and that these were solely induced by war 
should point to the futility of price stabilization at 1926 levels 
as a sound means of recovery. Due to the effect of the extra- 
ordinary price levels on the average, only 52 years in the period 
shown were above the average while 83 were below. In 38 years 
prices have been lower than the average of 1932. a 

The source of recovery is an increase in demand. An increase 
in prices would be a powerful stimulus to this end but it seems 
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tained. Speaking generally, the more speculative classes of dangerous to build recovery on a foundation of 1926 prices. 
building construction are subject to the widest fluctuation. How an a sound increase in demand be stimulated? To be 
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effective, such effort should be directed toward a revival of 
those basic industries whose economic momentum has dragged 
us down. As an engineering conception this thought is sound. 

The two pacemaking industries which have had the maximum 
depressing effect are residential building and automobile ac- 
tivities. The reconstruction energy latent in the deferred de- 
mand for automobile replacement is enormous. A similar 
need in residential building is not so obvious and yet it exists 
if we grant the validity of our living standards for a generation 
past. The present period of depressed activity in residential 
building has been longer and deeper than that which resulted 
from the World War when a large shortage of housing developed. 
Nevertheless, the actual net increase in population is greater 
than it was during this war period. The acute shortage in housing 
during the former period and the apparent surplus at the present 
time were influenced by the totally different income conditions 
in the two periods. 

Wages were high during the war period. For nearly two 
years after the close of the war there was a great revival in 
trade due to the satisfaction of demand deferred so seriously 
during the war. These conditions magnified the demand for 
housing during and immediately following the period of cur- 
tailment. During the present contraction of residential con- 
struction, income conditions are reversed from those of the war 
period. The result is that the real need based on families to be 
housed is obscured by the necessity of ‘‘doubling-up” in existing 
facilities. When the regenerative forces break loose in this 
industry, activity will develop with rapidity and certainty. 

Many conceive the reduction in demand to be due to loss 
of buying power on the part of the unemployed and that as a 
corollary, there can be no recovery until the unemployed are 
put to work. This thought is hopeless from the viewpoint 
of recovery. The unemployed will not go back to work until 
the dollar begins to work. In other words, a revival of demand 
must arise before payrolls will be increased. A critical study of 
the concurrent inventory, production, and sales trends shown in 
Fig. 6, especially during the period 1920 to 1922, will illustrate 
the significance of this statement. 

What is the source of increasing demand? The country 
possesses the buying power necessary for recovery. If this were 
not true, there would have been no recovery from prior major 
crises. The difficulty is that this buying power is dormant. 
The initial source of recovery lies not with the unemployed 
but with the vast majority who are still at work but who are 
spending nothing except for bare necessities. In this course 
they are impelled by fear of the future and of the mysterious 
nature of these tempests that sweep over us in the midst of 
plenty. The enormous flow of money from bank deposits into 
hoarding should convince the most sceptical of the existence of a 
large amount of latent buying power which is very wide spread. 
When it is considered that these hoarded funds are but a fraction 
of such static buying power, the evidence seems overwhelming. 

When desire overcomes fear and when necessity of replacement 
outweighs further deferment, demand will increase and the idle 
will begin to work. Each increase in healthy demand will beget 
its own share of increased credit and regenerative reconstruction 
will be under way. Stimulants applied to this process should 
be designed to move the idle funds of those who have them 
(their number and economic power are enormous) and this 
movement must start the wheels in those industries of maximum 
effectiveness in promoting recovery. 

To increase the public debt, already at dangerous levels, 
by inducing an increase in spending for public buildings and 
public works is not to provide a real leverage for recovery. 
As shown in Table 1, the value of these two classes of con- 
struction in a period of abnormally high levels for each is less 


than half that of residential construction and would be less than a 
third if the latter figures could be properly adjusted. One of the 
keystones of recovery will be the extension of credit for residential 
building to those who are waiting to build and who can supply 
their own reasonable share of funds. Such credit is dynamic 
in results as compared with purely static effect afforded by credit 
relief. Any retardation of this credit is a block to recovery. 
There may be a real shortage of homes when there are still 
visible vacancies. 

It must be realized that economic momentum is derived 
ultimately from demand and that the motivating force behind 
this demand is supplied by the great mass of the people. The 
predominant characteristics of this demand will be imparted 
not by the rich nor yet by the poor but by the great median 
group representing the common or average man. After all the 
business graph may be considered as measuring the ebb and flow 
of human energy. The driving power behind this movement 
comes from the great intermediate group. The vicious circle 
must be broken at this point. 

Remedial measures, to be effective, must reach this class 
of people and stimulation must be applied to those predominant 
industries which serve it and have contributed principally to the 
decline. Fear that has grown to panic proportions is retarding 
recovery. There is no more insidious fear than that of the un- 
known. One of the greatest needs of the times is the determina- 
tion of real causation. Let the veil of mystery be torn from these 
crises and much of the unreasoning fear will vanish with it. 
And yet how little interest is really displayed in actual causation 
is indicated by the relatively small amount of intensive work 
upon the subject. 


CONCLUSION 


This conception of the formation of economic trends explains 
why we enter periods of recurring expansion and inflation and 
why the ensuing periods of depression creep upon us almost 
without accepted warning. Each of the important industries 
is moving along in what may be described as its natural path 
when merely by the passage of time, their concurrent movements 
may come into phase with the result that their mutual inter- 
action stimulates or reduces volume at a rapid rate. The greater 
the number of industries in phase, the greater is the regenerative 
influence prevailing among them. The higher the abnormal 
price level the lower is the stability of the structure. 

The higher the amount of credit outstanding, the more sensitive 
is the situation to any decline in demand. High demand at 
high price levels multiplies debt. Orderly satisfaction of this 
debt demands a continuance of trade at levels not materially 
lower than those at which the debt was contracted. Any decline 
in demand accelerates the liquidation of this debt with disastrous 
consequences in a falling market. It is the initial decline in 
demand which precipitates the downward trend. The high 
debt level and strained credit conditions lower the resistance of 
the business system to the inroads of the germ in the disguise 
of the replacement cycle. This same cycle in its upward trend 
induces the stimulation that leads to the inflated condition. 
Thus the changes in credit are initially effects which are almost 
instantly transformed into causes far more potent than those of 
primary origin. 

The origin of demand preceded that of credit. Credit origi- 
nated as the result of demand and is the device used to bridge the 
gap between purchase and payment which are out of phase. 
This sequence in relationship has not changed. The replacement 
cycle is possible under conditions of pure barter, but its potential 
power is drastically increased as the volume of outstanding 
credit is enlarged. 

Whether or not the theory of the replacement cycle as set. 
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forth in this study is ultimately proved or disproved, the facts 
covering the importance of the industries analyzed can scarcely 
be refuted and the differing fluctuations described are written 
into the very history of these industries. The close fidelity with 
which the weighted total of these components matches the 
trend of aggregate business cannot be seriously denied. The 
point, that explanation of the individualistic behavior of these 
industries will provide the reason for the ultimate trend of compos- 
ite industry, is scientifically sound. This question then comes 
to mind: Jf the replacement cycle does not furnish the proper 
explanation of the differing oscillations of these industries, what is 
the explanation? The answer to this question is of tremendous 
economic importance. Some one should go to work upon it. 
This conception of underlying causes should carry an appeal 
to those whose training and experience have made them familiar 
with the real significance of harmonic and inharmonic forces. 
The composite trend manifested by the four consumer in- 
dustries bears very significant relationship to the movement of 
interest rates which is a barometer of credit conditions. It 
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accords closely with the fluctuations in rate of deposit in savings 


 MAN-56-1 
> 
banks. It bears a striking similarity to the changing trends in 
individual bank debits when allowance is made for the growth 
of speculative activity beginning about 1925. Its variations 
are in close timing with those of car-loadings throughout the 
period. 

These thoughts are not offered as the result of finished work. 
On the contrary, the field to be surveyed has scarcely been en- 
tered. The possibilities of further exploration are enormous. 
It does seem that the work done and conclusions derived are 
sufficiently logical to warrant earnest thought upon the points 
raised. If and when it can be found that these economic catas- 
trophies are not the effect of mismanagement by any one group 
of society, but are rather the integrated results of the thoroughly 
natural actions of the great mass of consumers, a forward step 
toward solution will have been taken. With due consideration 
of all the technical factors involved in this study, one seems to be 
drawn to the conclusion again and again that the devastating 
peace-time catastrophies which we call economic depressions 
may be, after all, the repercussions of the deadly conflicts of the 
past. 
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The results are given of a series of experiments in which 
a single-point tool corresponding to a single tooth of a 
milling cutter was used in removing metal in a dynamome- 
ter of a pendulum type. The values of energy as a 
function of variable feed, depth, width, and front- and 
side-rake angles of the cutter were determined when cut- 
ting three steels and a brass, in both groove and land cut- 
ting. It is found that all data obtained follow the general 
equation for energy in which EF = Cuf*d’. Itis shown that 
invariably groove cutting requires greater energy than land 
cutting. It also is shown that greater values of front rake 
on the cutter reduce the energy required to remove a chip, 
while the value of side rake for a given value of front rake 
exerts no appreciable influence on energy values. The re- 
sults of some 24,000 commercial tests made by students 
at the Ohio State University in cooperation with the Cin- 
cinnati Milling Machine Company are presented and 
analyzed. The results are shown to agree substantially 
with those obtained with the single-point tool and that 
the Qiyee: energy equation holds for all types of milling, 


By O. 


HE object of this paper is to extend the tests reported on 
in the previous paper, “Elements of Milling,’’* presented 
before the Society in December, 1931. 

In that paper, the variables studied, as they affect energy, were 
feed per tooth, depth of cut, width of cut, cutting up versus cut- 
ting down, and cutting fluids. Those tests were run on a number 
of ferrous and non-ferrous metals, including Bakelite and wood 
fiber. All cuts were made to form a groove in the work. The 
tool shape was constant, being end-cutting and having a 15-deg 
rake with no side rake. 

This paper contains the results of experiments with cutters 
having variable back-rake angles, or hook, and side-rake angles, 


1 Professor, College of Engineering, University of Michigan. 
Mem. A.S.M.E. O. W. Boston was graduated from the University 
of Michigan, Engineering College, in 1913, received a master's degree 
in 1917, and the degree of mechanical engineer in 1926. After 
graduation he was engaged at the university as instructor in engi- 
neering mechanics and mechanical engineering for four years. In 
October, 1917, he was commissioned in the U. S. Navy and assigned 
to duty in the Bureau of Ordnance on design and manufacture of 
submarine mines used in the North Sea Blockade. From 1919 to 
1921 he was engaged in industrial engineering work for the Cleveland 
Tractor Co., in Cleveland, as assistant to the vice-president and works 
manager. In the fall of 1921, he returned to the University of 
Michigan, where he is now professor of shop practise and director 
of the department of engineering shop. He is author of many papers 
dealing with the subject of metal cutting and is serving on several 
committees dealing with cutting fluids, and standardization and 
nomenclature of small tools and machine-tool elements. 

? Assistant to Professor Boston, University of Michigan. Jun. 
A.S.M.E. Mr. Kraus received his bachelor of science degree in 
mechanical engineering from the University of Michigan in June, 
1932. He is now continuing work on his master’s degree at the 
University, and is an instructor in the department of engineering 
shop. 

* Trans. A.8.M.E., vol. 54, 1932, paper No. RP-54-4. 
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Metals and presented at the Semi-Annual Meeting, Chicago, IIl., 
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ENGINEERS. 
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or helix. Tests with each cutter were made when cutting in a 
groove and when cutting the top from a land which had been 
prepared previously. Several types of metals were included, all 
cutting being done with one cutting fluid—namely, an emulsion 
consisting of 1 part soluble oil to 50 parts water, No. 3. 

Power data also are presented from a series of experiments on 
steel and cast iron, in which various types of ecmmercial milling 
cutters were used as obtained by cooperative research by students 
at Ohio State University for the Cincinnati Milling Machine 
Company. The results have been recomputed to a basis similar 
to that used by the authors, for the purpose of direct comparison. 


CUTTERS AND EQUIPMENT 


The machine used in these tests was the same as used and de- 
scribed previously in ‘‘Elements of Milling.’”’ This machine is 
of the pendulum type, such as an impact testing machine, and 
uses a single-tooth cutter. The cutters in all cases were ad- 
justed to have a radius of 1.75 in., and all had end- and side- 
clearance angles of 4 deg. Nine series of cutters were used, di- 
vided into two groups. The first group, consisting of five cutters 
with 0-deg helix angles and with rake angles of 0, 10, 15, 20, 
and 25 deg, were designed to study the influence of variable 
rake. The second group had rake angles of 15 deg and helix 
angles of 10, 20, 30, and 40 deg, which, together with a 0-deg 
helix cutter having 15-deg rake angle, were used to study the 
influence of variable helix angles. 

High-speed-steel blades */, it _wide by */, in. deep were used. 
They first were ground all over on a surface grinder, after which 
the various cutting angles were accurately ground on the same 
machine. All cutters were 0.300 in. wide. As this width de- 
creased slightly from subsequent grindings, the data were cor- 
rected for original width on the assumption that the energy varies 
directly as the width. This assumption had been prov ed previ- 
ously. 

MATERIALS AND Curtine FLuips UsEep 

The first material tested was a free-cutting leaded brass and 
was selected because it was believed that more accurate data 
could be obtained using a metal which would not cause rapid 
dulling of the cutter. Three other steels then were tested: 

S.A.E. 1020, S.A.E. 1112, and S.A.E. 3250. These metals have 
ban described previously and are listed in Table 1, together with 
their chemical compositions, heat treatments, and hardness 
values. 

The cutting fluid used consisted of 1 part soluble oil in 50 parts 
water, and is listed and described as cutting fluid No. 3 in the 
previous paper. 


EXPERIMENTAL METHOD AND Scope or TEstT 


As in the previous paper, all cuts were made with work locked 
in position as the chip was removed. Tests in all cases were 
made both cutting up (that is, with the work fed against the 
cutter) and cutting down (that is, with the work fed with the 
cutter). All of the cuts were taken both in a groove and on a 
land to determine the relation between the two types of cuts. 

Each test value indicated is the average of from 10 to 30 cuts, 
and the data presented represent a total of some 6000 or 7000 
cuts. Great care was taken to keep the cutter in the sharp 
condition. By sharp is meant the edge produced by the sur- 
face grinder with the final slight burr removed by a hand hone. 
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TABLE 1 


Bar 
number Material 
Leaded screw-stock brass 
.A.E. 1020 steel 0.2: 
.A.E. 1112 steel 0.08 
S.A.E. 3250 steel Commercial 


Chemical analysis 
Zn, 3% Pb 
, 0.011 P, 0.026 Si 


TABLE 2 


(Energy values in foot-pounds per chi 

bar BF, up and down, in a groove, and on a land for various combinations 

of feed and depth of cut with several different shaped cutters. The width 

of each cutter was 0.300 in., and an emulsion consisting of 1 part soluble oil 
to 50 parts water was used as a cutting fluid) 


° Feed Depth Cutting in Cutting on 
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The values presented, therefore, are somewhat lower than could 
be expected from the average cutter condition. The authors 
have found that consistent results can be obtained in no other 
way, as the degree of cutter wear is almost impossible to measure 
and has such a decided effect upon the energy values when mill- 


The experimental data for the four metals tested are presented 
separately below. 

Tests on Free-Cutting Brass (Bar BF). The experimental data 
for the leaded free-cutting brass are listed in Table 2. Similar 
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tables have been made up for each of the other materials, but 


MATERIALS USED IN THE MILLING TESTS 


-———Hardness——-— 
Rockwell Sclero- 
° Heat treatment Brinell B scope 


Extruded and cold-drawn 70 66.0 
Annealed 65.0 
Cold-drawn 89.5 
Normalize 1650 F, anneal 1475 F 92.5 30 


are not shown. As in the first paper, these values are plotted 
on log-log paper to determine the milling-energy formulas for 
each tool and method of cut. 

Lines have been drawn through the energy data plotted on log- 
log paper in Fig. 1. One set of lines is for constant feed by vari- 
able depth, while the other set is for constant depth but variable 
feed. Lines also are shown for milling up and milling down on a 
land in each case. From these lines, an equation for energy in 
foot-pounds per chip, as a function of the depth of cut and feed, 
is determined. The tangent of the angle between the line and 
the horizontal represents the exponent of the variable involved. 

Formulas for a variety of shapes of tools and methods of cut- 
ting are listed for brass in Table 3, together with the values of 
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DEPTH in IncHes Incnes 
GONSTANT FEED OF 0.020 INCHES) (CONSTANT DEPTH OF Q100 INCHES) 


Fic. 1 EnerGy Requtrep To Mitt a Free-Curtrina Brass Usina 
A SOLUBLE O11 ConsiIsTING OF 1 Part O11 To 50 Parts WATER 
(One series of cuts was made with a constant feed of 0.020 in. as the depth 
was varied, while the second was made with a constant depth of 0.100 in., 
while the feed was varied. The cutter was of an end-cutting type having a 
15-deg rake angle and no helix. The following formula was obtained: 


E = Cuf-83d°- in which 
Cup milling) ™ 3750, and C (down milling) ™ 3392.) 
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Fic. 2 Errect or Various RAKE AND HeEwrx ANGLES OF THE 

CUTTER ON THE EXPONENTS OF FEED AND DEpTH AND THE CONSTANT 

OF THE MILLING-ENERGY EQuaTION WHEN MILLING FREE-CUTTING 
Brass, Bar BF 


(Data taken from Table 3.) 
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TABLE 3 RESULTS OF TESTS WHEN MILLING FREE-CUTTING BRASS 
(An emulsion of 1 part soluble oil to 50 parts water, cutting fluid No. 3, was used. The width of the cutter was 0.300 in.) 
Tool Horsepower 
angles, Method _ Formulas, energy E, -——Horsepower per cu in. per——. per cu? 
_deg of in foot-pounds per chip Values of C min formulas in. per min 

Helix Rake cutting Groove Land Groove Land Groove Land Groove Land 
Up 4970 3124 0.3960 0.3442 

0 0 Down 4670 2984 33000 33000 0.3750 0.3285 
Up 5575 4360 c c 0.3452 0.3100 
0 10 Down Cup 4905 3942 33000 14q0.03 33000 0.3040 0.2800 
Up 4975 3750 Cc 0.3290 0.2855 
0 15 Cwft 8340.94 4260 3392 33000 150.04 33000 f0-17q0.06 0.2820 0.2580 
Up 3905 3240 Cc Cc 0.3040 0.2700 
0 20 Down 3630 2925 33000 1649.08 33000 1840.08 0.2825 0.2440 
Up 3380 2580 Cc Cc 0.2888 0.2713 
0 25 Down Cuf? 3115 2365 33000 33000 0. 2660 0.2484 
Up 5120 4340 c Cc 0.3465 0.3380 

10 15 Down 4540 4090 33000 33000 0.3078 0.3182 
Up 4915 4240 Cc 0.3490 0.3380 
20 15 Down Cwf? 4385 3800 33000 53000 0.3110 0.3030 
U 6690 4355 Cc Cc 0.3775 0.3162 
30 15 Down Cup 5800 4060 33000 53000 0.3275 0.2950 
40 15 Up 9540 4785 can __C¢ 0.3722 0.2760 
Down 8720 4515 33000 fo. 33000 0.3400 0.2609 

@ 0.010 in. feed, 0.100 in. depth, and 0.300 in, width. ss 


the constants, the formulas for horsepower per cubic inch of metal | 
+ 
| 


removed per minute, and the computed horsepower per cubic 
inch per minute value for a specific cut 0.100 in. deep, 0.010 in. 
feed per tooth, and 0.300 in. wide. The last values are included 
in the table in order to furnish a basis of comparison between 
the different conditions. It is impossible directly to compare 
constants or exponents from the equations with energy and horse- 
power values computed therefrom, because of the several vari- 
ables involved in the formulas. 

It will be noticed from Table 3 that no difference in the for- 
mula was found for up and down milling with a single cutter, 
except in the value of the constant. Changing the tool angles, © 
however, does change the exponents of the feed and depth of cut. 

Better to indicate the effect of different angles on the exponents — 
and constants, Fig. 2 has been prepared. In the upper left part 
of Fig. 2 are shown the depth and feed exponents for both up and 
down milling for variable rake angles with a constant helix angle 
of 0 deg. The effect on these exponents when the helix angle is 
varied is shown on the right, the front rake angle being constant at 
15 deg. In the lower portion of Fig. 2 are shown plotted the 
constants obtained to show the effect of varying the angles. 

A study of these curves indicates several interesting characteris- 
tics. Except for a few values, all exponents and constants are 
lower for land cutting than for groove cutting. This, of course, 
would be expected of the constants, inasmuch as in groove cutting 
it is necessary to free the chip along the sides of the groove as 
well as on the bottom. Also, in general the difference is greater 
for the larger helix angles, due probably to friction on the side 
of the cut because of the end thrust or drag. The general ten- 
dency of the exponents is to drop with increasing rake angles 
above 10 to 12 deg, and to rise with increasing helix angles above 
20 deg. This effect is more noticeable with the depth exponents 
than with the feed exponents, but is not great in any case, except 
for the 30- and 40-deg helix angle with groove cuts which, un- 
doubtedly, is caused by side friction. The same effect also is 
noticed in the values of the constants. 

To compare the actual energy and horsepower values as affected 
by a change in rake and helix angles for the various cuts, Fig. 3 
is shown. The difference between up and down milling is very 
noticeable. Increasing the rake angle is found to decrease energy 
values, first rapidly up to about 20 deg, and then more slowly. 
This probably would continue to an optimum angle, such as that 
formed by the built-up edge on the tool. It probably would 
be less pronounced for longer chips where the built-up edge would 

e more effective. The effect of a helix angle for this material 

ppears to be quite favorable, but is consistently upward for 


roove cutting. 
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RAKE ANGLE DEGREES AIELIX ANCLE DEGREES 
(CONSTANT HELIA OF O°) (CONSTANT RAKE OF /5°*) 


Fic. 3. Errect or Various Rake AND HeELix ANGLES OF THE 
CUTTER ON THE PowER AND EnerRGyY VaLuES WHEN MILLING 
Free-CutTtTinG Brass 
(Cuts were taken up and down both in a groove and on a land as indi- 
cated. Data taken from Tables 2 and 3.) 

Tests on S.A.E. 1020 Steel (Bar EF). The complete series of 
tests as presented for the free-cutting brass were duplicated on 
the S.A.E. 1020 steel. Table 4 summarizes the formulas and 
the values in horsepower per cubic inch per minute. It is ap- 
parent that for most cuts in steel, a different formula is found 
for up and down cutting. This differs from the results of the 
tests on brass. 

Again, to compare exponents and constants as a function of 
tool angles, Fig. 4 has been prepared. This figure is for steel, 
as Fig. 2 is for brass. The effect on the exponents of variable 
rake angles appears slight, but greater, with a less definite ten- 
dency indicated, when the helix angle is varied. The depth ex- 
ponent appears to drop off with the greatest rake angle. The 
constant varies over a wide range as the rake angle is changed, 
being reduced considerably as the rake angle is increased from 0 
to 25 deg. The constant of the equation appears to be little 
influenced by the value of helix angle up to and including 30 deg, 
but increases sharply for groove cutting when the helix angle is 
40 deg. Again, it should be pointed out that a direct comparison 
of either the exponents or constants with rake angles cannot be 
made, inasmuch as both the exponents and constants of the equa- 
tions vary. 

The net effect on energy values in foot-pounds per chip and on 
the values of horsepower per cubic inch of metal removed per 
minute is shown for variable rake angles and variable helix angles 
in Fig. 5. The energy values for the 0-deg rake tool are more 
than 100 per cent greater than those for the 25-deg rake tool. 
The effect of the helix angle, however, appears to be negligible, 
except as affected by side friction in groove cutting. 
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TABLE 4 RESULTS OF TESTS WHEN MILLING §8.A.E. 1020 STEEL, BAR EF 
(An emulsion of 1 part soluble oil to 50 parts water, cutting fluid No. 3, was used. The width of the cutter was 0.300 in.) 


Tool 
angles, 


Method Formulas, energy in 
eg 
Helix Rake 


of foot-pounds per chip 


cutting Groove Land Groove 


15000 


Up 
0 0 17080 


Down } 


Cwf?-7940.92 Cwf?-6 0.91 


Cwf?-7540.92 


10 Up Cwf?-70g0 93 


10860 
Down 


8670 
Up 
Cwf?-14q0.91 
Cwf?-14q0.91 


Cwf?-71g0.91 
Cwf?-71g0.92 


Down 


U 
Down 
U 

Down 


{De 
{be 
Up ) 
Down 
p 


Cwf?-7940.9 
Down 


{v» 
\ Down 


Cwf?-76q0.81 


Cwf?-74q0.93 


Cwf?-75q0.% 


Cwf?-7240.38 
Cwf?-73q0.94 
Cwf?-7040.87 
Cwf?-72q0.98 


Cwf?-87q0-84 
Cwf? 
f up 

\ Down 


Cwf?-7941.04 


* 0.010 in. feed, 0.100 in. depth, 0.300 in. width. 
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Fic. 4 Errsct or Various Rake AND ANGLES ON THE Ex- 
PONENTS OF FEED AND DEPTH AND THE CONSTANT IN THE MILLING- 
EnerGy Equation WHEN S.A.E. 1020 Srezt, Bar EF 


(Milling cuts were made up and down and on a land and in a groove as indi- 
cated. Data taken from Table 4.) 


Tests on S.A.E. 1112 Steel (Bar MF). The results of the 
milling tests on this steel are summarized in Table 5, in which 
are given the formulas obtained, the constants for the formulas, 
and the horsepower per cubic inch cut per minute for a specific 
cut for both groove and land cutting, as well as for up and down 
cutting. Fig. 6, similar to Figs. 2 and 4, shows the exponents 
and constants for the free-cutting steel as a function of the tool 
angles. It is seen that the values of the constants are reduced 
appreciably with an increase in rake angle up to 10 deg, but only 


Values of C 


~ - 
y 
Horsepower 
per cu® 


in. per min 
Groove Land 


-——Horsepower per cu in. per——~ 
min formulas 


Land Groove Land 


9040 


1.678 
8680 


33000 .638 1.617 


Cc 

33000 f0.21q0.08 
Cc 1.132 

1.041 


7300 


C . 253 
7350 .000 


— 
— 


33000 33000 /0-29q0.11 
Cc 


33000 33000 

33000 f0-2640.0 33000 

33000 33000 


33000 33000 


33000 
17 


33000 33000 


33000 33000 fo 


33000 fe. 


33000 


33000 f?-31d0.14 
33000 


slightly for greater values of rake angle. There does not appear 
to be a great difference in general characteristics between the 
curves for land and groove cutting. When the constants are 
plotted over the helix angles, however, there is shown to be a 
general and gradual increase in value, although a minimum value 
is reached in nearly all cases for the helix angle of 10 deg. The 
values of the depth exponent appear to be little affected by an 
increase in rake angle until an angle of 20 to 25 deg is reached, 
when there is a slight falling off in the curves. The feed expo- 
nent, on the other hand, seems to increase rather generally for 
rake angles above 10 deg. The depth exponent appears to be 
influenced but slightly for helix angles up to and including 30 deg, 
while the feed exponent seems to be increased uniformly for 
angles above 10 deg, for which minimum values occur. 

A comparison of energy values in foot-pounds per chip and 
horsepower per cubic inch of metal removed per minute, as indi- 
cated, are expressed as a function of the variable rake angle and 
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(Cuts were taken up and down both in a groove and on a land as indicated 
Data taken from Table 4.) 
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0 
sone 0.898 0.757 
0 25 150 4570 0.798 0.727 
5450 4130 0.677 0.657 
10 10360 8330 1.091 0.990 
Scot: 10490 7060 0.940 0.838 
10310 4350 1.192 0.758 
20200 1.465 0.940 
19900 5450 1.344 0.849 
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TABLE 5 RESULTS OF TESTS WHEN MILLING §8.A.E. 1112 STEEL, BAR MF 
(An emulsion of 1 part soluble oil to 50 parts water, cutting fluid No. 3, was used. The width of the cutter was 0.300 in.) 


Tool F Hp per Hp per 
angles, Method Formulas, energy £, in ———Horsepower per cu in. per —~ cuin cu in. 
eg te) foot-pounds per chip Values of constant min, formulas per min per min 
Helix Rake cutting Groove Land Groove Land Groove Land Groove Land 
Cc 
Up 10180 8350 33000 1.293 1.212 
Jown ‘ cur 8 70 35000 .07 
o 10 6360 6050 Cc 33000 0.959 0.93 
Cc Cc 
‘ Up Cwf?-17d9. Cwf?-74d9-90 7550 6560 33000 16 33000 0.930 0.848 
Down 5710 4570 33000 33000 0.768 0.725 
Up 6450 4920 33000 33000 0.758 0.73 
0 20 Cc Cc 
\ Down 5360 3910 33000 35000 0.677 0.664 
Ur Cuf? 6250 5080 33000 0.718 0.705 
Down { 5710 3710 0.657 0.643 
Up Cwf?-74d0.8 Cwf?-72q0.82 6340 4960 33000 33000 0.899 0.828 
10 15 Cc Cc 
Down Cuf 760.86 69J0.82 5940 3810 33000 f®-24q0 16 33000 is 0.768 0.726 
Cc Cc 
20 Cwf-sido.s 9100 7740 33000 190-14 33000 0.910 0.815 
Cc 
« Up Cufengen 8800 6470) 33000 0.980 0.877 
Down 7770 49305 33000 0.839 0.77 
12780 7170 c 1.051 0.87 
40 15 >... 12100 6520 33000 33000 0.940 0.788 
variable helix angle in Fig. 7 for both groove and land cutting. ‘ T | ] T 
. 4 4 
The curves for groove cutting are higher than the corresponding glare iN T 
curves for land cutting. Also, the curves for down cutting are * 
uniformly lower than those for up cutting. The energy or power z 


values are seen to be maximum for 0-deg rake angle, and to fall 
off uniformly, as the rake angle is increased, to almost a mini- 


mum for a rake angle of 25 deg. It appears that for greater 

values of rake angle there would be no further appreciable reduc- S 

tion in energy values. The energy values as a function of the 73 J | ESS 

helix angle are shown to be practically constant when cutting 13° ; ny | 

on the land, indicating that the helix angle does not lead toef- 0-75 
ficiency from a power point of view. When cutting ina groove, 


the energy values for both up and down cutting increase for _ 
BY P Fie. 7 Errect oF Various Rake AND HELIX ANGLES OF THB 
CUTTER ON THE PowrR AND ENERGY VALUES WHEN MILLING 
S.A.E. 1112 Steet, Bar MP 


(Cuts were taken up and down both in a groove and on a land as indicated. 
Data taken from Table 5.) 


Vaiues or ConsTanr 


values of helix angle above 20 deg, due undoubtedly to the drag 
of the chip on one side of the groove. 

Tests on S.A.E. 3250 Steel (Bar A-7). The results of the ex- 
periments in milling S.A.E. 3250 steel are shown in Table 6, in 
which are given the formulas for energy per chip, the values of 
the constants for the energy equation, and formulas for horse- 
power per cubic inch per minute, together with specific values 
of horsepower per cubic inch of metal removed per minute when 
milling up and down in a groove and on a land. An analysis 
of the constants and exponents of the formulas as influenced by 
variable rake or variable helix angles is shown in Fig. 8. 

The depth exponent appears to be nearly constant over a wide 

_Tange of rake angles and also over a wide range of helix angles. 


RE 
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ANGLES OLB REE Aneces iv For the largest rake and helix angles, however, the exponent for 

(comsranr wELIx oF (constant ane of (5°) groove milling is high. The feed exponent seems to fall off uni- 

" Fie. 6 Errect or Vartous Rake aNnp Hettx AnGuEs on THE Ex- formly and appreciably as the rake angle is increased, but re- 

or AND AND THE mains practically constant over the whole range of helix angles 
NERGY Equation Wuen Muiuuuine S.A.E. 1112 Bar used. This holds for both illi i 

1 Suts were made up and down and on a land and in a groove as indicated. up and down milling on a land or in 


Data taken from Table 5.) a groove. The constants of the formula fall off quite uniformly 
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TABLE 6 RESULTS OF TESTS 


(An emulsion of 1 part soluble oil to 50 parts water, cutting fluid No. 3, was used. 


Formulas, energy E, in 
foot- pounds per chip 
Groove Land 
Cwf?-82d0.% 


Cwf?-84d0 


Tool angles, 


Method 
eg 
Helix Rake 


0 
cutting 
Up Cuf.7q0.81 
Down Cuf?-77 40.96 


Groove 
11400 
14880 


Up 
Down 


10750 


9720 


Down 
7040 


Up 


Down 


7340 


10000 


Up Cre 


Down 


Up Cwf?-72q0.36 
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Up Cwf?-74q0.98 18450 


Down 


~ 


& 


VALUES OF CONSTAIVT 


~~ 


T 


: 


10 30 40 
HELIX ANGLES //V DEGREES 
(CONSTANT RAKE OF /5°*) 


0 5 IS 
RAKE ANGLES IN DEGREES 
(CONSTANT HELIX OF O°) 


Fic. 8 Errect oF Various RAKE AND HELIx ANGLES ON THE 
EXPONENTS OF FEED AND DEPTH AND THE CONSTANT IN THE MILLING- 
EnerGy EquaTIOoN WHEN §.A.E. 3250 Street, Bar A-7 


(Milling cuts were made up and down and on a land and in a groove as indi- 
Data taken from Table 6.) 
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Fie. 9 Errect or Various RAKE AND HELIx ANGLES OF THE CUT- 
TER ON THE PoWER AND ENERGY VALUES WHEN MILuING S.A.E. 
3250 Bar A-7 


(Cuts were taken up and down both in a groove and on a land as indicated. ° 


Data taken from Table 6 


for all cutting conditions as the rake angle is increased from 0 to 
25 deg. The constant slightly increases, however, for up and 
down land milling for helix angles above 10 deg. For groove 
wine, the constant. appears to be quite erratic, particularly 
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33000 fo 1s 33000 
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33000 33000 f0-33q0.11 
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33000 12 33000 


9530 


33000 33000 24q0.10 


10670 


33000 33000 240.07 
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for helix angles of 20 and 40 deg; otherwise they are unaffected 
by the helix angle. 

The energy and power values appear to fall off for both up and 
down milling, as well as land and groove milling, as the rake angle 
is increased, as shown in Fig. 9. In up and down milling on a 
land, the energy values for the 0- and 10-deg. helix angles are 
the same, but they become greater as the helix angle is increased 
above 10 deg. The energy values for groove milling both up 
and down, as a function of helix angles, are extremely out of order 
for helix angles above 20 deg, as shown by the unusual lines of 
the curve. Again it is noticed that the power values for groove 
cutting are consistently above those for land cutting as would 


be expected. 
Discussion OF Data 


In beginning the discussion, the authors wish to point out and 
make clear a fact which has been found repeatedly: if the ma- 
terial is changed, the constants and exponents in the formulas, 
2s well as the energy values, are changed. Also, if the cutter is 
changed, the constants, exponents, and energy values are changed. 

With this in mind, the object of this particular study in the 
Elements of Milling has been to compare various tool angles, 
various sizes, and methods of cut on only enough metals to be 
reasonably sure that the conclusions reached will hold in general 
for most metals. 

After a complete series of tests was run on the free-cutting 
brass and formulas were determined, it was discovered that the 
formula for the 0-deg helix, 15-deg rake tool did not check the 
corresponding formula given in the first report. The two equa- 
tions were as follows: 

From the first paper: 


= 
From the : second test: 
E 


A certain experimental error, of course, was to be expected. 
A difference in the feed exponent from 0.76 to 0.85, however, 
hardly could be considered as an experimental error. Also, the 
energy values and constants varied somewhat. Repeated 
checks confirmed the accuracy of the second series as represented 
by the second formula. The cutters used were the same brand 
of high-speed steel, and equal care was taken in each case in the 
grinding. Further check tests were run on the piece of stock 
used in the first paper. These tests were found to give a feed 
“pe of 0.77, comparing favorably with 0.76 of the first 
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paper. Obviously, the material used in the experiments for this 
second paper had some different physical characteristics from the 
specimens used in the first paper, showing that the material at 
different parts of the same bar was not uniform. 

Recently, a series of comparative tests was run on cold-drawn 
brass rod about 7/:, in. in diameter, which showed machining 
differences in different lengths depending upon which end of the 
billet was machined. Differences in grain size, in heat treatment, 
or small differences in composition all affect the values obtained. 
It is surprising, however, to note the uniformity obtained in the 
value of the exponents of feed and depth in the energy equation 
when cutting different types of steels as explained below. It pre- 
viously has been found that, in determining equations for torque 
and thrust in drilling steel under a wide variety of cutting condi- 
tions and covering many types of steels, the same equations 
have been developed repeatedly. 

In order to arrive at the general tendencies introduced by the 
variables of the cutters and methods of cutting steel, the results 
in the three steels tested have been correlated. Of the three steels 
tested, S.A.E. 1112 steel gives energy values slightly below the 
average for steel, S.A.E. 1020 gives energy values presumably 
fairly average for steel in general, while S.A.E. 3250 gives power 
values slightly above the average steel. Steels S.A.E. 1020 and 
S.A.E. 1112 give lower values of energy when cutting down than 
when cutting up, while S.A.E. 3250 shows very little difference 
in energy values for these two types of cuts. By averaging all of 
the data for these three steels, it is believed a general picture of 
the effect of angles, methods of cutting, ete. is obtained for an 
average steel. This picture may be compared with that for 
each individual steel. 

Variation of Constant in Energy Equation. The average values 
of the constants in the energy formula for the three steels are 
shown plotted over the rake angle or hook in Fig. 10. The con- 
stants for cutting down are considerably lower in all cases, ex- 
cept that for O-deg rake, than when cutting up. The constant 
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(The horsepower-per-cubic-inch-per-minute values as averaged for the three 
steels also are shown. The cut was 0.300 in. wide, 0.100 in. deep, and the 
feed per cut was 0.010 in.) 


on an average for the 25-deg rake angle is about 55 per cent of 
that for the O-deg rake angle. There is a tendency, however, 
for the constant curves to become horizontal for the greater 
values of rake, which agrees in general with similar experiments 
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conducted with an end-cutting planer tool in which the back rake 
was varied. It also is seen that the constants for land cutting 
are considerably lower than the corresponding values for groove 
cutting. 

The constants when plotted over side rake or helix angles in _ 
Fig. 10 are seen to remain practically the same, with perhaps a 
slight increase, for all side-rake angles up to and including 30 deg. 
There is a marked increase in the value of the constant for the 
40-deg side-rake angle, due presumably to excessive metallic 
distortion of the chip. This same condition was found when 
studying side-rake angles on end-cutting planer tools. The con- 
stants are higher for groove cutting due undoubtedly to increased 
friction. 

Variation of Horsepower per Cubic Inch per Minute. Average _ 
values of horsepower per cubic inch per minute when taking a _ 
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Fie. 11 AvERAGE VALUES OF THE EXPONENTS OF FEED AND DepTH 
FOR THE FORMULAS OF THE THREE STEELS ARE SHOWN PLOTTED 
OVER THE RAKE ANGLE AND HELIX ANGLE AS VARIABLES 


cut 0.300 in. wide, 0.100 in. deep, with a feed per cut 0.010 in., 
when using a tool 0.300 in. wide with various values of side rake _ 
and helix, are shown in Fig. 10. The power per cubic inch per — 
minute is seen to fall off in almost direct proportion to the in- — 
crease in rake up to and including 20 deg. There appears to be © 
little increased efficiency due to a further increase of the rake — 
angle to 25 deg. The curve for groove cutting up is well above __ 
that for land cutting up; also, that for groove cutting down is _ 
above that for land cutting down. However, the curves of horse- 
power per cubic inch per minute for groove cutting down and 
land cutting up show about the same values. The values of 
horsepower per cubic inch per minute, as an average, show but 
a slight increase for the 15-deg rake tool when the helix angle is 
increased from 0 to 20 deg. For higher helix angles, however, 
when cutting in a groove, the power increases rapidly due to 
side friction, but for land cutting the same tendency as indicated 
for lower helix angles is maintained. 

Variation of Exponents of Depth and Feed. With the average 
of the exponents for feed and depth plotted over the variable 
rake or helix angle in Fig. 11, it is seen that the exponent for 
depth when cutting down averages higher than when cutting up; 
also, that the exponent of the feed when cutting down averages 
lower than when cutting up. Except for high depth exponents 
for high helix angles in groove milling, all exponents are 
practically constant, with the following slight but consistent 
tendencies: 

1 The depth exponents fall off slightly with high rake angles, 
and rise slightly for high helix angles when milling in a groove. 
But when the milling is done on a land, they are practically 
constant. 

2 The feed exponents remain practically constant as the 
rake angle increases, although a slight decrease is apparent for 
land cutting. The feed exponents remain practically constant 
as the helix increases, except for extreme values of helix in groove | 
cutting where the exponent is high, : 
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CoMMENTS ON FINISH PRODUCED 


No great difference in finish for a given type of cut was noticed 
due to changing tool angles. The nature of the tests excluded 
any possibility of studying cutter life. An investigation of 
finish, cutter life, and pressures is planned on apparatus already 
set up. 

The difference in finish on up and down milling, however, was 
quite apparent. The finish on up milling was, in general, smooth 
and shiny or glassy in appearance. Very often it showed distinct 
feed marks and scratches which were sometimes quite deep. 
The chips had a tendency to cling to the cutting edge, and, if 
left on, would be dragged under the cutter on the next cut, mar- 
ring the surface. On down cutting, the finish was smooth but 
duller with a satin-like appearance. Feed marks were usually 
not visible, but on some materials the surface produced was 
rougher. Chips had little tendency to cling to the tool and did 
no harm, as they would be knocked off at the start of the cut, 
whereas the finish is made at the end of the cut. 

Chatter marks were more common when cutting up than when 
cutting down. As far as chatter and finish were concerned it 
was usually possible when milling down to increase the feed con- 
siderably over that when milling up. 

Shape of Chip. Chips taken by the two different methods 
often showed distinct characteristics. When down milling the 
screw-stock steel S.A.E. 1112, for example, very tightly rolled 
chips were produced. On up milling, the chips were straight 
or flat. These characteristics were observed for all variable 
back-rake-angle tools, but when the tools of increasing helix angle 
were used the chip forms approached each other, the down-milled 
chips becoming less tightly rolled and the up-milled chips tend- 
ing to curl. Chips from the 30- and 40-deg helix-angle cutters 
were almost identical for both methods of cutting. 

When down milling the chromium-nickel steel S.A.E. 3250, 
the chips were flat, whereas tightly rolled chips were obtained on 
up milling. Again these differences disappeared with the higher 
helix-angle tools. 

In general, it may be said that the down-milled chips are rolled 
more tightly than the up-milled chips, the exceptions occurring, 
in most cases, with those metals that show little or no difference in 
energy values for the two methods. 

Built-Up edge. Undoubtedly, chip form is influenced by the 
built-up edge. In general, a better developed built-up edge 
forms on milling down. It seems reasonable to expect that a 
large, well-developed edge will coil the chip, while a small poorly 
developed edge might allow a flatter chip to be formed. This 
is borne out by observing the chips. In the case of the S.A.E. 
3250 steel, a well-developed edge was formed, the chip was flat in 
down milling, but was coiled in up milling. This action was con- 
trary to that generally observed. In fact, exceptionally large 
edges were noticed for this steel, and the surface left by down mill- 
ing was rougher than usual, due to the roughening effect of the 
built-up edge. 

Because of this roughening effect of the built-up edge, it is 
possible to detect from the chip the history of its formation. 
The under face of the chips is highly burnished for a distance, 
depending upon the metal, up to '/,. in., which corresponds to 
1/, to */y in. actual length of cut. Then the surface loses its 
luster and reaches a maximum degree of roughness in an added 
1/1, in. of length. Well-developed edges are often found with 
depths of cut of 0.025 in. or less, corresponding to about 1/, in. 
length of cut with the 3.5 in. in diameter cutter, but as a rule 
somewhat longer length of cut is necessary for the fully developed 
edge. After being built up, further increase in depth of cut 
does not change it materially. Also, less length of cut to form 
this edge is required for down milling than for up milling, the 
amount of this difference depending upon the metal and appar- 


ently influenced by tool angles, especially back rake. This dif- 
ference usually decreases as the back-rake angle increases. 

The burnished length on the chip generally increases somewhat 
as the back rake is increased, but some of this increase may be 
due to less compacting of the metal in the chip. That is, the 
chips are longer for the same size of cut. The edge is usually 
thicker for the low back-rake angles, but does not seem to re- 
quire much, if any, greater length of cut for its formation. 
Changing the side rake or helix angle does not seem to change the 
formation of built-up edge to any extent, but does affect the 
rolling of the chip. 

A more detailed and scientific study of the important factor of 
built-up edge has not been undertaken because of the nature of 
the tests. The authors expect to do this in the course of tests for 
the next paper of this series when a standard milling machine 
will be used and cuts will be taken as the work is fed. 


ANALYSIS OF SomE Data OBTAINED UNDER CoMMER- 
CIAL CoNDITIONS 


In 1929, a thesis, “Milling Cutter Efficiency” (Experiment 
Station Project No. 85), was presented at the Ohio State Uni- 
versity by four men, Otto W. Winter, Charles E. Beard, Howard 
W. Allison, and Robert J. Duerler. The work, involving an 
expenditure of several thousand dollars, was sponsored by the 
Cincinnati Milling Machine Company. A total of about 24,000 
cuts were run. 

In discussing “Elements of Milling,’”’* Mr. Winter® suggested 
that a comparison of these data with those given in his report 
might be of distinct value. 

In the Ohio State experiments, standard coarse-tooth high- 
speed-steel cutters were used having spiral and under-cut teeth. 
A wide range of feeds and depths of cut were covered. The ma- 
terials cut consisted of cast iron and S.A.E. 3125 to 3140 steels. 
Power data were presented as calibrated net horsepower at the 
cutter for specified cuts, feeds, cutters, and material. All cuts 
were taken in the conventional manner—that is, up cutting. 
An emulsion consisting of 1 part Sunoco soluble oil to 20 parts 
water was used on the steel, but the cast iron was cut dry. 

Because the data were taken with standard cutters on a stand- 
ard milling machine and because such a wealth of data is available 
covering a range of feeds, depths of cut, and widths that were 
not possible with a small pendulum tester, the authors believed 
that much could be learned and many questions answered by 
recomputing these data and comparing the results with those of 
the paper. 

Apparatus. The apparatus used in the Ohio State experiments 
consisted of a no. 2M Cincinnati plain miller of the latest (1929) 
inclosed, 7.5-hp-motor type, equipped with a wattmeter for 
registering gross power developed. 

By means of a prony brake mounted on the spindle of the ma- 
chine, efficiency curves of the motor and machine were deter- 
mined for every speed and load variation. Power absorbed in 
the feed mechanism was neglected. This introduced a small 
variable error. Standard cutters of the shell-end, half-side, 
slotting, and slabbing types were used. 

Procedure. The procedure of the tests was to take four cuts, 
from which the average power value was determined. If the 
data varied widely, additional cuts were taken. The dimensions 
of the cut, that is, the width and depth, were determined from the 
size and type of the cutter used, as indicated in Table 8. The 
feeds varied from '/; to 20 in. per min. 

As stated in the thesis, ‘Probably the greatest cause of power 
requirement variation, and certainly one that caused us much 
trouble, was the condition of the cutting edge. Throughout the 


4 Trans. A.S.M.E., vol. 54, 1932, paper no. RP-54-4. 


§ Cincinnati Milling Machine Company, Detroit, Mich. 
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course of the tests, we endeavored to run each of the four cuts, 

constituting a test, at varying periods of the life of the cutter 
_ between sharpenings.” It follows that the data presented are 
_ not for the sharp condition, but rather for an average or partially 
. dull condition of the tool. 

Data. The data were presented as a series of curves, as illus- 
trated in Fig. 13, for specified widths and depths of cut giving 

net horsepower (at the cutter) values plotted over feeds in inches 
per minute. A separate set of curves was presented for each 

combination of cutter and material. 

In the following analysis by the authors, by depth of cut is 
meant the distance of metal cut measured in the plane of rota- 
tion of the cutter, and width of cut the distance measured on a 
line parallel to the axis of the cutter, and has nothing to do with 
the shape of the work or the position of the cut. This is a logi- 
cal procedure and enables direct comparison of all data including 
that of the authors. It is usual to think of these dimensions as 
‘being reversed in a face-milling type of cut, and consequently 

. the meaning of the designations d for depth and w for width, as 
shown in Fig. 12, should be kept in mind. 

In Fig. 12 are shown five different types of cutters, each taking 
its typical cut. The principal object of this illustration is to 
- indicate what is meant in each case by depth of cut d and the 
width of cut w. In the case of the plain milling cutters at A, 
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(This shows the net horsepower at the cutter as determined by the watt- 
meter for various values of feed in inches sy minute for three specific cuts 
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where the cut is being made on a land, the cutting teeth are in 
contact with the work only along the face of the land or on the 
periphery of the cutter. At B, in which a groove is being cut 
with a side or slotting mill, a cutting action occurs on the cylin- 
drical periphery of the cutter and also on both ends or faces of the 
cutter. At C, in which a half-side mill is being used, the teeth 
are cutting on the periphery and on one end of the cutter. This _ 
same condition maintains with the shell-end mill at D and the 
facing mill at EZ. 
From an analysis of the cuts A, B, and C, it might be expected 
that the half-side cutter would give energy values intermediate © 
between the plain mill cut at A and the side or groove-cutting _ 
cutter at B, for the same size of cut. Data showing the rela- | 
tion of various factors in the energy equations are given in Table _ 
8, and are covered under the discussion of the Ohio State Experi- — 
mental data. It is found, however, that the net energy values at 
the cutter, as determined by subtracting the frictional power of 
the machine from the gross power input as measured by the watt- 
meter, give energy and power equations for all five cuts of the 
general type E = Cwf*d’, which corresponds with all energy 
equations determined on the single-tooth pendulum-type tester. 
Computations of Ohio State Data. An example follows showing 
the method of computing energy values per chip as a function 
of feed and depth of cut from the net horsepower values obtained © 
in the Ohio State tests. 
The cutter in this case was a shell-end mill 5 in. in diameter, 
as illustrated in Fig. 13. It had 12 teeth having 10-deg rake 


TABLE 7 


(Values of energy in foot-pounds per chip for various combinations of feed, 
depth of cut, and width, determined in the Ohio State experiments. Aver- 
age values of power shown by circles in Fig. 13 were used. An end mill 
having 12 teeth, 10-deg rake, and 15-deg helix was used in cutting S.A.E. | 
3125-3140 steels. An emulsion of 1 part oil to 20 parts water was used. 

Values are shown plotted in Fig. 14) 


1 /s-in.-wide cut 4%/:e-in.-wide cut !/;-in.-wide cut 


-———Feed nergy nergy 
Depth In. In. Hp ft-l Hp 1 
in per per at per at per 
inches min tooth cutter chip cutter c chip 
2 0.5 0.00091 0.25 15 0.25 5 
_ 0.75 0.00136 0.32 19 0.32 0. 
1.0 0.0018 0.40 23.6 0.45 0. 
a 1.4 0.00254 0.48 29 0.60 0. 
7 1.9 0.00344 0.6 36 0.75 Ba 
e 2.6 0.0047 0.75 45 1.0 Ba 
3.9 0.0071 1.0 60 1.4 | 
5.5 0.010 1.25 75 1.9 114 - 
7.4 0.0137 1.56 94 2.4 144 3. 
10.75 0.0195 2.25 135 3.5 210 4. 
15.0 0.0272 3.1 186 4.7 282 6. 
20.0 0.0363 4.16 250 6.2 370 ae 
0.5 0.00091 0.35 21 0.35 2 0. 
ts 0.75 0.00136 0.45 27 0.5 0. 
1.0 0.0018 0.57 34 0.67 0. 
i 1.4 0.00254 0.70 42 0.85 1. 
1.9 0.00344 0.87 52 1.2 8 
‘ 2.6 0.0047 1.25 75 1.5 2 
3.9 0.0071 1.5 90 2.0 120 2. 
5.5 0.010 1.9 114 2.7 162 3. 
7.4 0.0137 2.5 150 3.6 216 4. 
10.75 0.0195 3.4 204 5.0 300 6. 
15.0 0.0272 4.4 264 6.8 407 - 
20.0 0.0363 6.0 360 ave 
4 0.5 0.00091 0.47 28 0.5 oO. 
0.75 0.00136 0.6 36 0.73 ns 
1.0 0.0018 0.75 45 0.9 1. 
1.4 0.00254 1.0 59 1.2 Be 
1.9 0.00344 1.25 75 1.5 Ba 
2.6 0.0047 1.5 90 1.9 115 2. 
3.9 0.0071 2.0 119 bP 156 3. 
5.5 0.010 2.5 150 3.5 210 4. 
7.4 0.0134 3.2 192 4.55 274 5. 
10.75 0.0195 4.3 258 6.0 360 wes 
15.0 0.0272 5.5 330 aes ae 
20.0 0.0365 432 “ae 
5 0.5 0.00091 es ove 0.65 0.8 
0.75 0.00136 we one 0.9 1.1 
a 1.0 0.0018 ee eee 1.2 1.33 
de 1.9 0.00344 eee nen 2.0 120 2.5 
2.6 0.0047 2.67 160 3.2 
3.9 .0071 2.4 144 3.6 216 4.4 
5.5 0.010 3.0 180 4.5 2 5.6 
7.4 0.0134 3.8 228 5.7 340 6.7 
10.75 0.0195 5.0 300 7.5 450 pig 
15.0 0.0272 6.2 372 eee 
20.0 0.0365 8.0 480 as 


> 
1 
i Q Q 
3 
5 
=a | 
= 


= 


Variable 


Width fy in. 


Variable 


Feed 


Wid th Variable 
Depth 


Variable 


Feed 


Width — 


Variable 


Depth 


Width Bin 


AANANAKNA NA 


Feed in inches per tooth 


O01S 


003 0090 2 56 
Depth in inches 


Fic. VALUES OF ENerGy AS CompuTeD From THE OnIo State EXPERIMENTS FOR THE SHELI~-END MILL HavinG 12 10-Dra 
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(Cutting S.A.E. 3125-3140 steels and plotted on log-log pa 
part soluble oil to 20 parts water was used. Energy v 


angle and 15-deg spiral or helix angle. It operated at 46 rpm, 
corresponding to a peripheral cutting speed of 60 ft per min. 

The data cover tests on S.A.E. 3125, 3130, 3135, and 3140 
steels as shown plotted in Fig. 13. For recomputing, however, 
an average of the values was used. 

The number of chips removed per minute is the rpm times the 
number of teeth in the cutter and equals 46 X 12, or 552, in this 
case. The feed in inches per tooth is found by dividing the feed 
in inches per minute by the number of chips removed per minute. 
The horsepower is equal to the energy in foot-pounds per chip 
times the number of chips removed per minute divided by 33,000. 
In this case, E (the energy per chip) = 60 times hp. 


r for various combinations of feed, depth of cut, and width of cut. 
ues from Table 7. 


An emulsion of 1 
The general formula was obtained in which EF = 14,600 wf? 830.0.) 


Table 7 shows the feed in inches per minute and inches per 
tooth for 12 different feeds, and the horsepower and energy values 
for 4 depths and 3 widths of cut and for all feeds for this combina- 
tion of cutter and material. 

Discussion of Ohio State Data. Data for the shell-end mill cut- 
ting S.A.E. 3125-3140 steels, as taken from Table 7, are shown 
plotted in Fig. 14. Three widths of cut, 1/s, */:5, and '/, in., were 
run, and the data are grouped accordingly into three groups. 
Four depths of cut of 2, 3, 4, and 5 in. were taken for each of 12 
feeds, ranging from '/, to 20 in. per min. These feeds correspond 
to 0.00091 to 0.0363 in. per tooth. In Fig. 14 the three sets of 
curves at the left, indicated by F, show energy values in foot- 
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_ pounds plotted over feed per tooth as abscissas. In the upper 
two cuts, for the */\. and '/, in. widths, the points are seen to lie 
= consistently on straight lines. In the lower set for the 

1/s in. width, however, the points appear to lie on a line slightly 

concave for the lighter feeds. The solid lines in this set at the 
right have the same slope as those of the two upper groups, while 
the dotted lines represent the energy data for these light feeds. 

_ The average slope of the solid lines is 0.833, while that for the 
_ dotted lines is 0.68. The slopes of the 4- and 5-in.-depth curves 
of the */,»-in.-wide cuts and the 4-in.-depth curves of the '/,-in. 
cuts are slightly lower than the average. For these lines, it will 
be noticed that the energy values are relatively higher for the 
lighter feeds. This may indicate the influence of a dull cutter. 
The slope of the 2-in.-depth curve of the '/,in.-width cuts is 
higher and the energy values are also somewhat lower, compared 
with the other data, toward the lighter feed end of the curve, 
which may indicate that the cutter was a little sharper than aver- 

It is known that the energy per chip varies very nearly as the 
first power of the width of cut, other conditions remaining the 
same. However, the relatively high values of the points on the 
dotted lines probably are not due to dulling, as they are too con- 
sistent, but may be due to the radius of the cutter teeth nose, 

- which would have much more effect on this narrow cut, especially 

at smaller feeds. 

The data for the two widths of !/s and 3/\. in. have been re- 

_ plotted over the various depths of cut, resulting in the two sets 

of curves at the right in Fig. 14, labeled D. Apparently, a 
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change in the slope of the variable-feed lines for the '/s-in.-width 
cuts has had little effect on the variable-depth curves. The 


average slope for both sets is 0.903. 


From the slopes of the variable-feed and variable-depth curves, _ 
a general milling-energy formula for this material and cutter | 


can be written as 


in which £ is in foot-pounds per chip, f the feed per tooth in 
inches, d the depth of cut in inches, and w the width of cut in 
inches, as illustrated in Figs. 12 and 13. 

From Fig. 14 several interesting and valuable facts are noted. 
A formula of the type E = Cwf*d" is found to hold, even when 
the depth of cut equals the diameter of the cutter. 
tioned farther on under “Mathematical Analysis,” for this latter — 
condition there is no difference in cutting action between up and © 
down milling. The curves verify the fact that the dulling of a — 
cutter not only increases the energy values, but reduces the slope — 
The reduced slope and high values indicated by 
the curves for the smaller feeds of the narrow '!/s-in.-wide cuts 


of the curves. 


E = 14,600 wf?-83q0-% 


may involve the effect of nose radius. 


Fig. 15 shows graphically on log-log paper the energy data for 
an alternate tooth slotting cutter 6 in. in diameter and 1 in. wide. — 
It has 24 teeth, having 10-deg rake and 15-deg alternate helix. 
S.A.E. 3125-3140 steels were used, and six depths, namely, 
1/5, 1/4, 3/s, 1/2, 1, and 1!/, in. were run, each with 12 feeds varying 
from 0.000488 to 0.0195 in. per tooth. Two sets of curves are 
shown. Those labeled F at the left are for variable feed and 
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oil to 20 parts water was used. 


The formula developed from these data is E = 8800 w/f®-735q0.83_) 


An emulsion of 1 part soluble 
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constant depth, with the energy 
values plotted over the feed, and 
those labeled D at the right are for 
variable depth and constant feed, 
with the energy values plotted 
over the values of depth. 

The data are exceptionally con- 
sistent, and, due to the compara- 
tively large number of depths run, 
the slope of the variable-depth lines 
is well defined. The slopes of the 
two sets have been measured and 
result in the equation for energy 
values per chip for this cutter and 
material, as follows: 


E = 8800 


It was assumed that the length 
of each tooth was equal to the 
width of the slot, inasmuch as 
definite information was lacking. 
This is not correct, however, so 
the constant given is slightly lower 
than is actually true. 

The energy values for a spiral 
slab mill when milling the S.A.E. 
3125-3140 steels are shown plotted 
in Fig. 16. The cutter was 4 in. 
in diameter, 6 in. wide, and had 10 
teeth, with 10-deg rake and 25-deg 
helix. Four widths of cut of 2, 3, 
4, and 5 in. were run for each of 
three depths of !/s, 3/16, and in. 
The 12 feeds used ranged from 
0.000953 to 0.0381 in. per tooth. 
Four sets of variable-feed curves, 
labeled F at the left in Fig. 16, 
result from the recomputation. 
Of these, three sets, namely, the 
curves for widths of 2, 3, and 4 
in., have approximately the same 
slope of 0.72, while the set for the 5 
in. width is somewhat steeper with 
a slope of 0.81. Variable-depth 
curves are not shown because 
of insufficient number of depths 
run and general inconsistency of 
the data. To estimate what this 
exponent would be, points have 
been taken from the straight lines 
and plotted, resulting in curves D. 
The average slope of these lines is 
0.81, which probably is not exact. 

These same points have been 
plotted over variable-width values 
in an attempt to check the as- 
sumption that energy values vary 
directly as width. These curves 
are shown at W, but the data are 
too inconsistent to draw definite 
conclusions. The resultant 
straight lines shown have a slope 
of 1.0, which would be expected 
for this range of widths. 

The milling-energy formula for 


this cutter and material is then 


| | 

|| | 

= 
foo | +H an 
| 1] | lain. | | i 

| } | 

— 

‘ 190 } | 

— — ae 
20 


RESEARCH 


| 


300 Vorichle Feed 


Dep th D 
LAMB in. 


Width | 
| | 


| 


88 


8 


> 


| 


0.0004 0.002 0004 


Feed sn inches per looth 


0.0/ 


4s Ye te 1 
Depth in tnches 
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(Cutting cast iron dry, as summarized in Table 8. The energy equation is E = 2000 wf®-5¢d0-6¢_) 


E = 


in which C = 8000. 
Recomputed values of the Ohio State Experiments are given 
_for the alternate-tooth slotting cutter cutting cast iron dry. 
The values are shown graphically in Fig. 17, with the energy 
values for a constant width of 1 in., for various depths from 1/5 
to 1'/; in., plotted over the feed in inches per tooth. A series of 
parallel lines are obtained, the slopes of which all equal 0.56. 
When the energy values for constant feed are plotted over depth 
of cut in inches, again a series of practically parallel straight lines 
are obtained the slopes of which are 0.66. This gives an energy 
equation as developed from these series of lines of 


E = 2000 


Ressenguted values of energy in foot-pounds per chip for the 
half-side mill cutting cast iron are shown plotted over the feed in 
inches per tooth in Fig. 18. Four sets of curves are shown, for 
widths of cut of '/s, ?/1e, '/4, and #/gin. These data are seen to 
be more erratic than any other presented. For each width of cut, 
four lines indicate the general tendencies of energy fluctuations 
over feed per tooth, for four depths of cut of 1/2, 1, 11/2, and 2 in. 
While there are numerous inconsistencies, the general tendency 
of the lines is to slope from the horizontal at an angle whose tan- 
gent is 0.71. The results were quite inconsistent for accurate 
determination of the slope of the variable depth lines for constant 
feed, although a slope of 0.91 had been obtained as representing 

This gi ral energy equation in foot- 
an average. This gives the general gy equat 


pounds per chip as 


It is believed that, in the case of half-side milling in which only 
one cutter is mounted on the arbor, an end thrust is imposed on 


E = 5300 


the spindle bearing which gives rise to frictional forces which 
materially influence the power developed by the motor. This 
influence is not accounted for in the calibration. 

Graphs similar to those shown in Figs. 14 to 18, inclusive, 
were prepared for the half-side mill cutting S.A.E. 3125-3140 
steels, and for the shell-end mill, slabbing mill, and a face 
mill when cutting cast iron dry. For brevity, however, only 
Figs. 14 to 18 are presented here. Data for all of these curves 
are summarized in Table 8. 

In milling the S.A.E. 3125-3140 steels with the 1-to-20 emul- 
sion with the shell-end mill, alternate-tooth slotting mill, slabbing 
mill, and half-side mill, various formulas and constants were 
obtained as summarized in Table 8. It is seen, for instance, that 
the energy in foot-pounds per chip formulas for slotting and slab- 
bing are practically identical with the coefficients of feed and 
depth and also the constants of the slotting mill only slightly 
higher than those for slabbing. The rake angle of the two cut- 
ters is 10 deg, while the helix angle is 15 deg for the slotting mill 
and 25 deg for the slabbing mill. The results confirm those of 
the authors’ experiments that a difference in helix angle causes 
very slight, if any, differences in the equations. The energy 
equation for the half-side mill cutting steel has exponents only 
slightly higher than the corresponding ones in the slotting and 
slabbing mill equations. It might be expected that this equa- 
tion would be between those for slotting and slabbing, inas- 
much as it represents only one-half side of the slotting. This is 
not borne out, however, and, the constant itself being consider- 
ably higher than the constants for the slotting and slabbing 
mills, would indicate greater friction on the spindle bearings 
due to end thrust. There appears to be considerable difference 
between the equations for the shell-end mill and the half-side 
mill. This, from analysis, would not be expected, inasmuch as 
they have the same rake and helix angles. The constant for the 
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tion developed is E = 5300wf®-7!d°-9!,) 
we 


shell-end mill formula is greatest of all cutters, 
due presumably to greater end thrust on the 
spindle, inasmuch as the depth of cut ranges from 
2 to 5 in., whereas that for the half-side mill is 
from !/, to 2 in. 

At the extreme right in Table 8 are shown values 
of horsepower per cubic inch per minute for each 
of the various cutters when taking 0.010 in. feed 
per tooth and a depth of 1 in. The slabbing mill 
is most efficient, while the half-side mill is least 
efficient. 

An analysis of the equations resulting from the 
use of different cutters when machining cast iron, 
as given at the bottom of Table 8, shows the effect 
of the same tendencies as when milling steel, as 
previously discussed. The horsepower per cubic 
inch per minute is least when using the slotting 
and slabbing cutters and greatest when using the 
face mill. That for the face mill is slightly 
greater than that for the side mill, due again pre- 
sumably to the additional thrust because of the 
great depth of cut, 4 to 8 in. 

From the data shown in Table 8, it is obvious 
that a half-side type of cut does not give values 
midway between that for the slabbing mill and 
the slotting mill, presumably due to the influence 
of friction on the spindle due to end thrust. 
This might be true where the half-side cuts are 
made by straddle milling, in which no thrust is 
put on the spindle. 

A MATHEMATICAL ANALYSIS OF CUTTING 
FORMULAS 


In concluding this paper, the authors wish to 
present a mathematical analysis of milling-energy 
formulas. These formulas have all been of the 
form 


E = Cuf*d’ 


where, in most cases, the value of the constant C 
was different for up and down milling, and often 
the values of the exponents x and y also were 
different. . 

When d, the depth of cut in inches, equals one- 
half the cutter diameter, the greatest difference 
between up and down cutting is obtained, but as 
it increases beyond one-half of the diameter, the 
two methods of cutting approach each other. 
When d is equal to the cutter diameter, the two 
methods are identical, and it is obvious that, for 
this case, the energy values E for a specific chip 
size will be the same for up and down milling. 
This condition occurs commonly in face-milling op- 
erations where the width of the cut, corresponding 
to the depth of cut in these investigations, is often 
the full width or diameter of the cutter. 

Let subscript u denote up milling and subscript 
d denote down milling. Also, let d, the depth of 
cut in inches, equal D, the cutter diameter in 
inches, which is a constant. For this condition, 
then 


Ey = Cuuwf*«D”« 


908 

| il Variable feed | ° lin | 

| | | 

! 

| | 4 | | 

| | | } 

4 


Material 


and 
cutting Diam No. Tool a 
fluid Kind and of Rake, as —Speed— 
width teeth deg’ deg Rpm Min 
Shell-end mill 5” d 12 10 15 46 60 
Slotting® mill, alternate 6” d ‘ 
tooth 24 10 15 43 68 
20-to-1 
Sunoco Slabbing mill o . 10 10 25 53 55 
emulsion 
Half-side mill 6" d 24 10 15 38 60 
Shell-end mill¢ 8° d 12 10 15 46 
Slotting¢ mill, alternate 6’ d 
tooth 1” w 24 10 15 43 68 
Slabbing mill 10 10 25 62 ~~ 65 
Half-side mill 6” 24 10 15 38 60 
Face mill (inserted 
blade) 8” d 14 15 7 29 60 


0.010-in. feed, 1.00-in. depth. 


were inconsistent. 4A '/»-in.-wide slotting cutter also was tested. 


But, Eu = Eu. 
equations become 


Then, by transposing and eliminating w, the 


’ 
Cu D =a 
Ca 
For convenience in this analysis, let 
C,D** 
Then 
kKf*« z 
By taking logarithms 
— log K + xu log f = xa log f 
or 
log K -@ 
log f 


Since f is always less than 1, log f is always negative. 

This becomes a very illuminating equation, showing that the 
difference between the feed exponents for up and down milling 
is a function of the log of K. The farther the value of K is from 
1, the greater will be the difference between these exponents. 
If K equals 1, then log K equals zero, and the two exponents n must 


be equal. For this case 


= CaD"4 


If the values of C are not the same, which in general is true, then 
the depth exponents yu and ya cannot be equal. 

Similarly, when K does not equal 1, zs is greater than za if 
(,D"~ is greater than CaD”¢. And conversely, xu is less than za, 
if is less than CaD"¢. 

The equation also points out that the difference between the 
feed exponents in the up and down milling equations is not con- 
stant, but is a function of the log of the feed. If the difference 
varies, the exponents also must vary and the variable feed lines 
cannot be absolutely straight lines on log-log paper. This effect 
will be very small when K is nearly unity. 

Examination of the experimental data will reveal many cases 
which do not check this theoretical analysis. The reason is 
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TABLE 8 
(A summary of the results of the Ohio State Experiments, together with the recomputed data based on feed and depth of cut) 


6 Two other slotting mills, '/¢ and '/:-in. wide, were tested. 


= 


Value Horsepower Horse- 
Range of test data Energy of percuin. power per 
———in inches— per chip con- per min cu in. per 
Width Feed Depth formulas stants formulas min® 
i/eto 0.00091 Cc 
0 0363 2-5 Cwf? 14600 33000 0.99 
1 0.000488 '/s to 
1 -74q9. 8 
Cuf 800 33000 0.885 
0.00055 
1 = 2 
1 1'/2 wf 2000 as .460 
0.000807 
2-6 Cuf® 1600 33000 33 0.465 
'/eto 0.00125 
/s 4-8 C wf? 2309 33000 0.635 


¢ A 2-in.-diameter shell-end mill was tested also; the data 


obvious from the foregoing analysis. An equation of the form 
E = Cwf*d", while accurate enough for all practical purposes, 
is not strictly correct. The exponents themselves are a function 
of the variables f and d involved. a om 


CONCLUSIONS 


There are numerous final conclusions drawn from the single- 
point cutter data and the Ohio State Experimental data which 
may be summarized briefly as follows: 


Single-Point Cutter (when milling the free-cutting brass): 

1 All exponents of feed and depth and constants in the energy 
equations are lower for land than for groove cutting, due pre- 
sumably to greater friction in groove cutting or because the chip 
is cut at each side, as well as along the periphery when groove 
cutting, as shown in Fig. 2. 

2 The exponents of the feed and depth are found to be the 
same for up and down milling for groove cutting and also different 
but the same for land cutting. 

3 Constants in the energy equation are lower for down milling 
for the same type of cut. 

4 Increasing the rake angle materially decreases the energy 
value E, as shown in Fig. 3. 

5 Increasing the helix angle has no consistent influence on 
the exponents, constants, or energy until high values are obtained 
which produce excessive friction. 


(When milling S.A.E. 1020 steel): 


6 The conclusions given for free-cutting brass hold in general. 

7 It is found that the exponents of feed and depth are slightly 
different when cutting up than when cutting down, as indicated 
in Fig. 4. 

8 The drop in energy due to higher values of rake angle is 
very appreciable, as indicated in Fig. 5. This falling off of 
energy with increased rake angle appears to become much less 
rapid when the rake angle is 25 deg. The value of E for the 0-deg 
rake angle is over 100 per cent more than that for the 25-deg rake. 


(When milling S.A.E. 1112 steel): 


9 The results obtained, as shown in Figs. 6 and 7, confirm 
those for the 8.A.E. 1020 steel. The percentage drop in energy 
due to rake angle is less pronounced. 


{ 
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(When milling S.A.E. 3250 steel): 


10 There appears to be little or no difference in values of ex- 
ponents, constants, or energy values when milling up or down. 
For this steel it appears that the values of the feed and depth 
exponents are somewhat higher for land cutting than for groove 
cutting, as indicated in Fig. 8. 

11 The energy values decrease uniformly with increase in 
rake angles up to 20 deg, but show that the energy for groove 
milling is greater than for land milling shown in Fig. 9. 

(By comparing the results obtained from the three steels discussed) : 

12 It is seen that the S.A.E. 1112 steel gives energy values 
slightly below the average for the three steels, the S.A.E. 1020 
steel gives values about equal to the average of the three, while 
the S.A.E. 3250 gives values slightly above the average steel. 

13 Steels S.A.E. 1020 and 8.A.E. 1112 give lower values of 
energy when cutting down than when cutting up, while S.A.E. 
3250 shows very little difference in energy values for these two 
types of cuts. 

14 The constants for cutting down for all steels averaged as 
shown in Fig. 10 are considerably lower than when cutting up in 
all cases except that for the 0-deg rake. The average constant 
for the 25-deg rake angle is about 55 per cent of that for the 0-deg 
rake angle. There is a tendency for the constant curves to be- 
come horizontal for the greater values of rake. 

15 The constants for land cutting are considerably lower than 
the corresponding values for groove cutting. 

16 The constants, when plotted over the side rake or helix 
angles in Fig. 10, are seen to remain practically constant. 

17 The average horsepower per cubic inch per minute values 
for all steels are shown in Fig. 10 to fall off uniformly with an 
increase in rake angle until a 20-deg rake angle is reached, after 
which there is little additional reduction in power values for an 
increase in rake angle. ° 

18 The power values remain practically constant for various 
values of helix angle when the rake angle is constant. For groove 
cutting, the energy increases perceptibly for helix angles above 
20 deg, due presumably to increased friction. 

19 Energy values for groove cutting are shown to be higher 
than those for land cutting, due presumably to the types of cut. 

20 It is shown in Fig. 11 that the values of the exponents of 
feed and depth remain practically constant for all values of 
rake and helix. Variations are introduced for high values of 
helix angle in groove cutting, however. 


The Ohio State Data: 


21 After reworking all of the Ohio State experimental data 
and plotting energy values on a basis of feed per tooth and depth 
of cut as variables, the conclusion is reached that energy equa- 
tions of the form E = Cwf*d" hold for all combinations of feed 
and depth, even for values of depth of cut up and equal to the 
diameter of the cutter. 

22 It also is shown that this formula holds alike for plain 
mills, half-side mills, side mills when groove cutting, shell-end 
mills, and face mills. It must be remembered, however, that 
the depth of cut in these cases is measured in the plane of the 
diameter of the cutter, while the width is measured axially, as 
shown in Fig. 12. Half-side cuts, as shown at C, D, and E in 
Fig. 12, do not give equation values midway between slabbing 
cuts as shown at A and groove cutting as shown at B, as might 
be expected from an analysis. This is due, undoubtedly, to the 
unbalanced effect of a single cutter. This condition would, it 
is believed, be rectified if half-side cuts were taken with two op- 
posed cutters so as to eliminate the end thrust on the spindle. 


General Conclusions: 
23 It has been found from all experiments with the single- 
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point cutter, as well as from the commercial type of cutter of 
various classes, that all milling-energy data can be expressed by 
the equation E = Cwf*d’. 

24 It is shown that the net power values of commercial mill- 
ing, when reduced to energy in foot-pounds per chip as a function 
of feed and depth of cut, agree very closely with corresponding 
values obtained from the single-tooth cutter in the pendulum- 
type machine. It is believed that for research purposes, the 
values obtained with the pendulum-type machine are more 
accurate than those obtained with the commercial machine, 
particularly where net motor horsepower, as measured by a watt- 
meter, is used. 

25 It is shown that the different materials respond differently 
to the same change in front-rake angle of the tool, as far as energy 
is concerned. One metal may be removed much more efficiently 
with a high rake angle than with a low rake angle, while another 
may be removed with only slightly greater efficiency. This also 
has been shown previously in Fig. 26 of a paper, ‘Research in the 
Elements of Metal Cutting.’’® 

26 Different exponents and constants are obtained in the 
energy equation for the same tool when cutting different ma- 
terials. Each material seems to give rise to its own character- 
istic constants and exponents. Small changes in structure or 
composition of a metal also will produce these changes. 7 : 


The authors wish to express their appreciation to Mr. Carl 
Oxford, of the National Twist Drill and Tool Company, Detroit, 
Mich., for the use of the pendulum-type dynamometer used in 
these tests. 

Messrs. Harold McLean and William Gilbert assisted in run- 
ning the tests, while Messrs. Gilbert, Louis Veenstra, and Maurice 
Bates assisted in drawing the curves and preparing the drawings. 

Grateful acknowledgment also is made to the Cincinnati Mill- 
ing Machine Company and to Ohio State University for furnish- 
ing a copy of a report of their cooperative investigation of milling 
which the authors have herein analyzed and compared with the 
results of their own investigation. 


Hans Ernst.’ The investigation described in this paper is an 
excellent extension of the field covered by “Elements of Milling, 
Part 1.” It is gratifying to see that this investigation has 
covered the effect of helix angle on both land and groove eutting; 
also the effect of front rake in both cases. 

Many interesting points are brought out in the tables and 
charts that accompany the paper. Chief among these is the 
very marked decrease in the energy per chip as the rake angle is 
increased. This is particularly true in the case of 8.A.E. 1020, 
the large reduction in this case being probably due to the ductile . 
nature of this material. 

A peculiar feature of the test on free-cutting brass is the 
considerable increase in energy value per chip between 0- and 10- 
deg helix angle when cutting on a land. It is difficult to account 
for this, as one would normally expect a gradual reduction be- 
tween 0 and 10 deg, just as has been found from 10 to 40 deg. 
The increase in energy with increase in helix angle when milling 
in a groove is of course readily explained by the increased oppo- 
sition to free flow of the chip by interference with the size of the 
groove. 

It is hard to account for the slight rise in the energy value 
per chip which was found in some cases when the rake angle 

6 Trans. A.S.M.E., vol. 48, 1926, pp. 749-848. 


7 Research Engineer, Cincinnati Milling Co., Cincinnati, Ohio. 
Mem. A.S.M.E. 


ACKNOWLEDGMENTS 


Discussion © 


= 
= 
4 
4 
aé 
i 
| 
; 
: 5 
> 
— 


(when cutting on a land) was increased from 20 deg to 25 deg. 
In the case of S.A.E. 3250, one might reason that with this tough 
material the vertical component of the chip pressure against 
the nose of the cutting tool was sufficiently great to deflect it 
downward against the work surface, thus possibly causing an 
additional drag thereon, but this argument appears to fall to 
the ground in the case of the free-cutting brass where a similar 
increase in power is noted, yet where the chip pressure must be 
very much lower. 

The somewhat erratic changes in the values of the feed and 
depth exponents (particularly the latter) is likewise difficult 
to explain. It is possible that this may be due to chance differ- 
ences in the smoothness of the lip surface of the cutting teeth, 
when changing from one rake angle to another. In our own 
work, we have found that the condition of lip surface has a 
tremendous influence on the formation of the built-up edge. 
In fact, I have recently found in the case of a special cemented 
carbide that no built-up edge whatever was produced under the 
same conditions that, with other cutting materials, would pro- 
duce a very substantial built-up edge. Obviously, as the forma- 
tion of the built-up edge is usually a function of the instantaneous 
chip thickness, it would seem that very slight differences in the 
character of the lip surface of the tool would have a marked 
effect upon the value of the depth exponent. 

Tt is interesting, and important, to note the 


general cor- 
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respondence between the results obtained in the Ohio State © 
experiments and those obtained with the single-point tool, — 
though here again the perplexing variations in the values of the | 
feed and depth exponents show how dependent all the energy 
values are upon the particular mechanism of chip formation — 
existing in the case of each test. 

In commenting on the finish produced on up and down milling 
it is mentioned that, in cutting up, “the chip has a tendency to 
cling to the cutting edge, and, if left on, would be dragged under ~ 
the cutter on the next cut, marring the surface.” From our 
experience we believe that such a condition depends largely on 
the material, feed per tooth, and cutting fluid used and can , 
scarcely be considered as a condition inherent in up cutting. 
In commercial milling, the finish with down cutting is usually 
worse than with up cutting on ductile materials such as the low- 
carbon steels, but may be better in the case of high-carbon steels 
or cast iron. 

In commercial milling we have found that the chips in down 
milling are usually flatter than in up milling, which is contrary 
to the results reported in the paper. Here again, the action 
of the built-up edge on chips produced under commercial condi- — 
tions may be responsible for the difference. 

The authors should be commended for their painstaking 
work in the conducting of these tests and their analysis of the 
results obtained. 
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_ The results of previous tests run by the author indicated 
that there was a possibility of using soda ash for treatment 
of boilers operating even as high as at 1000 lb steam pres- 

sure. However, these tests were run in steel bombs 
_without the generation of steam and were equilibrium 
tests. In actual operation the results might be different. 
Consequently, a small one-tube boiler was built for test 
purposes. The boiler was constructed so that heat could 
_ be furnished to the heating tube at a constant rate and as 
high as 100,000 Btu per sq ft per hr. The boiler was 
operated so that the concentration of chemicals in the 
boiler would be independent of the steaming rate. At 
the same time scale could be formed, removed, or pre- 
vented from forming on the heating tube. The thickness 
of the scale formed could be measured and the scale 
analyzed. The temperature increase of the tube wall due 
to the scale could also be measured. This boiler has been 
operated at steam pressures between 160 and 2700 Ib. 
The results obtained are given in the paper. 


N 1930, research was started in the Chemical Engineering 

| Division of the University of Illinois in cooperation with the 
Utilities Research Commission, Inc., of Chicago, in regard to 

the cause of calcium scale in steam boilers and the methods to be 
_used for the prevention of this difficulty. This work was to start 
at 150 lb steam pressure and extend to the critical pressure. Since 
_ very few data were available in regard to the solubility of calcium 
in the presence of positive and negative ions and since such data 
were deemed essential to the postulation of any fundamental 
theory of scale formation, the preliminary work involved the de- 
termination of the solubility of calcium salts at the desired tem- 
peratures. Part of the data collected has been published.**5* 


1 Part of research being conducted in the Chemical Engineering 
Division of the Engineering Experiment Station, University of 
Illinois, and financed by the Utilities Research Commission, Inc., 
of Chicago. Released by permission of Dean M. S. Ketchum, 
Director of the Engineering Experiment Station. 

2 Special Research Assistant Professor in Chemical Engineering, 
University of Illinois. Mr. Straub was graduated from the Uni- 
versity of Illinois in 1920. After leaving the university, he was 
associated with Mellon Institute, Pittsburgh, Pa.; Semet Solvay, 
Syracuse, N. Y.; and Guggenheim Brothers Research Laboratories, 
New York, N. Y. He holds the degrees of Master of Science and 
Metallurgical Engineer from Pennsylvania State College. He has 
been conducting special research for the Utilities Research Com- 
mission, Inc., on boiler-feedwater treatment for the last eight and 
one-half years at the University of Illinois. This has included work 
on determining the causes and methods of prevention of embrittle- 
ment in steam boilers and a study of the methods of preventing scale 
in high-pressure boilers. 

3 “Solubility of Calcium Salts in Boiler Water,’’ Frederick G. 
Straub, Trans. A.S.M.E. vol. 54 (1932), paper FSP-54-17, p. 221. 

‘Solubility Studies of Boiler Water,” Frederick G. Straub, 
Combustion, April, 1932. 

5 “Solubility of Calcium Sulphate and Calcium Carbonate at 
Temperatures Between 182 and 316 Deg C,” Frederick G. Straub, 
Ind. & Eng. Chem., vol. 24, p. 914, August, 1932. 

6 “The Behavior of Calcium Salts at Boiler Temperatures,”’ Fred- 
erick G. Straub, Ind. & Eng. Chem., October, 1932. 

Contributed by the Power Division and presented at the Semi- 
Annual Meeting, Chicago, Ill., June 26 to July 1, 1933, of Tam Ameri- 
CAN Soctety or MECHANICAL ENGINEERS. 
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The of Calcium-Sulphate Scale Pre-| 


In the paper presented before The American Society of Mechani- 
cal Engineers in December, 1931, the author called attention to 
the fact that interpretation of boiler-water conditions in terms of 
the solubility data must be done conservatively. These data 
were equilibrium data, and it was possible that such conditions 
were not reached in all parts of the boiler. At the same time, 
it was realized that these tests were run without steam gen- 
eration, and direct comparison with a steaming boiler would 
not be justified. Attention was also called to the possibility of 
the rate of steam generation at the heating surface having more 
influence on the rate of scale formation than the relative solubility 
of the calcium. 

These data already reported indicated the solid and liquid 
phases which would be desirable for high-pressure boiler opera- 
tion. However, they were solubility measurements made under 
conditions approaching equilibrium inthe absence of steam genera- 
tion. Consequently, for the reasons already indicated, the direct 
application of these data to boiler operation without correlating 
them with data from a steaming boiler would be likely to give 
undesirable results. In order to obtain this correlation, a small 
one-tube steaming boiler was built. The boiler may be operated 
with a heat transfer up to 100,000 Btu per sq ft per hr through 
the heating tube. The concentration of the boiler water is inde- 
pendent of the rate of steam generation, and tests may be run 
up to the critical temperature. Scale may be formed on the heat- 
ing tube. This scale is analyzed, and the conditions under which 
the scale is formed, removed, or prevented may all be studied. 
Consequently, the boiler has been called a “‘scaling boiler.” 


ILL. 


DESCRIPTION OF THE SCALING BorILEeR 


The scaling boiler is a one-tube water-tube boiler (shown in 
Fig. 1). The tube A is heated by means of No. 14 chromel A 
resistance wire wound around the tube, with a layer of alundum 
cement about !/15 in. thick separating the wire from the tube. 
Fig. 2 shows the heating tube after the resistance wire is wound 
and before the top layer of cement is applied. The current input 
at the tube is measured by means of a kilowatthour meter, the 
energy input being between 2 and 3.5 kw. The drum is insulated 
with 85 per cent magnesia and heated by means of resistance wire. 
The amount of heat added to the drum is just enough to com- 
pensate for radiation. In this way the heat added at the tube is 
practically all utilized to generate steam. The steam generated 
is taken off from the top of the drum by means of a pipe B, which 
connects to the bottom of the water column. A pipe C surrounds 
the steam pipe, and a small amount of water is introduced into 
this pipe. This acts as a condenser, condensing the steam on the 
inside and boiling the water on the outside which is at atmospheric 
pressure. The steam formed is condensed by means of glass con- 
densers D, and the condensed steam returns to the jacket sur- 
rounding the steam pipe. The amount of steam being condensed 
in the main steam line is adjusted so that it just balances the 
steam being generated in the heating tube. This maintains a 
constant pressure in the boiler. 

By returning the condensed steam to the boiler there is no 

Note: Statements and opinions advanced in papers are to be 


understood as individual expressions of their authors, and not those 
of the Society 
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change in concentration of chemicals in the boiler water, and 
the chemical concentration, in the absence of chemical reaction, 
remains constant and independent of the rate of steam genera- 
tion. 

The water level is observed by means of a gage column EF. The 
water is introduced into the boiler by means of a plunger-type 
pump F. The pump has two plungers, and may be so arranged 
that one plunger pumps water into the boiler while the other 
pumps it out. In this manner a constant feed may be maintained 
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ScaLinG Borter USED IN TEsTs 


without_changing the volume in the boiler, and thus hold any de- | 
sired concentration of chemicals in the boiler at any desired — 
period. 

The heating tube is made of seamless steel tubing with screw _ 
flange unions on each end, so that the tube may be easily removed. — 
An iron-constantan thermocouple is inserted in holes drilled in the — 
outer portion of the tube near the center of the heated area. In 
this manner a record of the temperature of the outer area of the — 
tube may be obtained. Another thermocouple is inserted in a 
well which gives the temperature of the steam and water as they | 
leave the heating tube and enter the drum. A continuous record 
is made of these two temperatures by means of a multiple-point 
recording potentiometer. A second thermocouple introduced in 
the well is connected to a controlling potentiometer which regu- 
lates the heat input at the heating tube and maintains a constant 
temperature in the boiler. 

The temperature of the heating wire is over 2000 F when the 
rate of heat transfer is high. 

The rates of heat transfer through the heating tube may be 
varied between 30,000 and 100,000 Btu per sq ft per hr. The 
heating tube is 15/,;, in. inside diameter and 15/,. in. outside 
diameter, and has an effective heating length of 5 in., thus giving 
a heating area of 0.102 sq ft. 

The volume of the boiler to the bottom of the gage glass is 
1.3 gal, and it holds 11 lb of water at room temperature. The 
volume to the top of the gage glass is 2.0 gal. The rate of steam 
qunention is about 10 lb per hr at 150 lb pressure. 
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The boiler has been operated under two different conditions: 
First, with continuous feed and blowdown, and second, with inter- 
mittent feed and blowdown. When operated according to the 
first condition, the boiler was cleaned out and the desired solid 
salt was added; a new tube which had been acid-cleaned was put 
in place, and the boiler was filled with distilled water. The cur- 
rent was then turned on, and the boiler was heated to the desired 
temperature. When the boiler was up to temperature, sufficient 
water was put in the condensing unit to hold the temperature 
constant. A continuous record was kept of the water temperature 
and of the temperature of the outside of the heating tube. When 
the boiler had operated for sufficient time to have a record of the 
temperature difference between the temperature of the outside 
of the heating tube 7, and the water temperature on the inside 
T; for distilled water, the feed pump was started. Distilled water 
containing the desired concentration of calcium sulphate was then 
added to the boiler by means of the motor-driven feed pump. 
The stroke of the feed and discharge plungers was so adjusted that 
the water being pumped out of the boiler was equal to that being 
admitted (about 1.5 lb per hr), and in this manner the water level 
in the boiler remained constant. As scale formed in the heating 
tube, the temperature difference (7; — 71) became larger. At 
regular intervals samples of the blowdown water were analyzed. 

When the boiler had operated for the desired period of time, the 
current was shut off, the blowdown valve G was opened, and the 
entire contents of the boiler blown out within a few minutes. 
The tube was then removed for examination. By rapid removal 
of the boiler water the solid phase on the tube did not have time 
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to change its composition. The flange unions were removed and 
the tube split longitudinally into two pieces, thus exposing the 
scale for examination. 
When the feed was intermittent, the desired solid phase, either __ 
calcium sulphate or carbonate or both, was added to the boiler 
before putting the tube in place. When the tube was assembled, 
distilled water containing the desired liquid phase was introduced, 
and the boiler was heated to the desired temperature. Records 
were kept of 7; — 7; asin the other tests. Samples of the liquid 
in the boiler were collected in a steel bomb by sampling into the 
sealed bomb from the valve H. When the bomb had cooled, it 
was disconnected, and the contents were removed and analyzed. 
From time to time the blowoff valve was opened, and the level 
of the water dropped to the bottom of the gage glass. The valve 
was closed, the feed pump was started (the discharge plunger was 
disconnected), and sufficient water was added to — the level 
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to the top of the gage glass. The composition of the water that 

was added varied according to the various tests. At the comple- 

tion of these tests, the boiler was shut down, as in the previously 

reported tests. 

Records were kept in all tests of the heat input into the heating 
or scaling tube in kilowatthours, the rate of heat input in kw per 
hr, the temperature difference 7’, — 7), the amounts of water being 

_ added to and removed from the boiler, the composition of the 
; various solutions, the thickness of the scale produced, and its 
chemical composition. 


Mertuops or ANALYSES 


Analyses were made on the various solutions for hydroxide, 
_ carbonate, sulphate, and chloride. The hydroxide content was 
_ determined by pipetting 50 ce of the solution into a 200-cc 
_ Erlenmeyer flask to which 10 cc of a 10 per cent solution of BaCl, 
in CO, free water had already been added. The flask was stop- 


_ pered, let stand 15 min, and then titrated with N/50 HCl solu- 
_ tion to the phenolphthalein end point. 
The carbonate was determined by evolving the carbon dioxide 
_ from an acidified solution and absorbing it in a standard solution 


_ of barium hydroxide. About 400 cc of the solution was put in a 
500 ce Erlenmeyer flask previously swept clean with carbon 
dioxide-free air. A stream of carbon dioxide-free air was passed 
through the solution, through a reflux condenser fitted to the 
Erlenmeyer flask, through granulated zinc, and finally through a 

_ Meyers sulphur bulb containing 0.02 N barium hydroxide. The 
solution was then acidified and heated to boiling, and the air was 
bubbled through for 20 min. After sufficient air had been passed 

: through, the barium hydroxide was washed into a 200-ce Erlen- 

_ meyer flask and titrated with 0.02 N HCl to the phenolphthalein 

end-point. The difference between the amount of HCl needed to 

titrate a similar volume of barium-hydroxide solution before ab- 
sorbing the carbon dioxide, and that after absorption, gave a 
measure of the carbon dioxide. The sodium carbonate in the 
solution was calculated from the amount of carbon dioxide 
evolved. 

_ The sulphate was determined by precipitation as barium sul- 
phate and weighing the filtered and ignited precipitate. 

: The chloride was determined by titration with silver nitrate 
and using sodium chromate as an indicator, 


OvuTLINE or Tests Run 


Tests have been run to answer the following questions: 


1 What is the relationship between solubility of the calcium 
sulphate and the rate of scale formation? 

2 What factors influence the rate of calcium-sulphate scale 
formation? 

3 What factors influence the prevention of calcium-sulphate 
scale? 


Rewation or oF Catctum SuLPHATE TO OF 
ScaLe ForRMATION 


Hall,? concluded that calcium sulphate decreasing in solu- 
bility with increase in temperature became less soluble 
at the heating surface and formed crystals of scale 
on the heating surface. Calcium carbonate did not 
form scale according to his theory, since it would be- 


‘q search, University of Michigan, Bulletin 15 (1930). - 
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TABLE 2 


f i ¢ Pressure, heating tube, input to mation in. boiler 
— om ore soluble at higher comp eratures and thus Test > oer sq Btupersq heating Thickness per kwhr lb steam water, 
precipitate out as sludge. Partridge® conducted re- no. in. gage ft per hr tube ofscale,in. XX 10-4 per sq ft ppm 
i 3i ichi i 2 150 80,000 425 0.022 0.52 1.45 36 
search at the University of Michigan along lines 
similar to those that Hall had followed and concluded 6 500 6,000 368 0.018 0.49 1.20 9 
aera ? . 33 1000 0,000 445 0.009 0.20 0.44 
7 Hall, R.E., Carnegie Institute of Technology, Bulletin 27 1500 $3,000 347 0.008 0.23 0.42 4 
Partridge, E. P., Department of Engineering Re- 83,000 1416 0.008 0.056 0.082 3 
.000 0. 0.17 0.147 2 


375 


RP-56-2 

that the rate of scale formation was proportional to the slope of 
the solubility curve. He also predicted that the solubility of 


calcium carbonate decreased with increase in temperature. Thus, 7 
calcium sulphate decreasing in solubility rather rapidly would - 
form scale rapidly, while calcium carbonate decreasing in solu- . £& 


bility very slowly would form scale very slowly. 

Figs. 3 and 4 show the solubility of calcium sulphate and cal- 
cium carbonate as determined in the author’s solubility tests. 
Table 1 gives the rate of decrease of solubility of calcium in parts 
per million per deg F, for both calcium sulphate and calcium 
carbonate. 

In order to establish the relationship between solubility and 
rate of scale formation, the boiler was run with a constant rate 
of heat input at the heating tube, and a solution of calcium sul- 
phate was added to the boiler continuously. Table 2 gives the 
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results of tests run under these conditions at 150-, 250-, and 500-Ib 
pressure. The tests at 1000-, 1500-, 2000-, and 2700-lb pressure, 
also given in Table 2, were run with a solid phase of calcium 
TABLE 1 RATES OF DECREASE OF SOLUBILITY OF CALCIUM 
IN CaSO. AND CaCO; WITH INCREASE IN TEMPERATURE 


Rate of decrease of solubility of 
calcium in ppm of calcium per deg 


Temperature, Steam pressure, F temperature increase ps 
lb per sq in. gage CaSO, CaCOs 
360 150 0.55 0.10 
405 250 0.22 0.05 : 
470 500 z 0.07 0.02 
1 
RATE OF CALCIUM-SULPHATE SCALE FORMATION 
Rate of Solubility 
scale of 
Rate of heat Rate of formation, calcium 


transfer at Total kwhr scale for- in. in 
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sulphate in the boiler at the start, and the feed of distilled water 
was intermittent. 

The increase in temperature difference (7; — 7) between that 
at the start and after various periods of operation is plotted 
against the total kilowatthour input at the heating tube in Fig. 5 
for 250-, 500-, and 1000-lb pressure. The rate of temperature in- 
crease is proportional to the heat input at the heating tube, and 
almost identical at 250- and 500-lb pressure. The rate of scale 
formation per kilowatthour is also almost identical for 250- and 500- 
lb pressure. These results would indicate that the scale forms at 
the same rate at pressures between 150- and 500-lb persqin. Itis 
also evident that the rate of scale formation per pound of steam 
generated is almost the same at 150-, 250-, and 500-lb pressure. 
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Fic. 6 TremMperRATURE INCREASE OF HeatTiInG TuBE Dug To SCALE 
ForMATION AT 2000-LB PRESSURE 


Thus, in the test run at 150-lb pressure, a feedwater containing 
250 parts per million of calcium sulphate was fed at the rate of 
1.45 lb per hr. The solubility of calcium in the boiler water im- 
mediately dropped to an average of 36 parts per million, which 
agrees with the solubility data obtained from the bomb tests. 
The excess calcium was thrown out of solution in the boiler proper 
as fast as it was being added. The rate of scale formation was 
0.000052 in. per kwhr. At 500 lb pressure a feedwater containing 
200 parts per million of calcium sulphate was added at a rate of 
1.56 lb per hr. The solubility of calcium in the boiler water 
dropped to 9 parts per million, again showing that the excess cal- 
cium was thrown out of solution in the boiler. However, the rate 
of scale formation was almost the same as that obtained at the 
lower temperatures. 

At 1000-lb pressure the rate of scale formation is much slower 


= 


than at 500-lb pressure. The rate of temperature increase is pro- 
portional to the kilowatthour input, thus indicating that scale has 
been forming throughout the test at a fairly constant rate. 

At 2000-lb pressure the rate of scale formation becomes still 
slower. Three tests were run at this pressure, as reported in 
Table 2. In test No. 36, with 224 kwhr used at the heating tube, 
a scale 0.004 in. in thickness formed, while in test No. 26, with 411 
kwhr used at the heating tube, a scale 0.004 in. in thickness was 
also formed. A third test was run in which 1416 kwhr was fur- 
nished to the heating tube, and a scale of 0.008 in. was formed. 
The rate of temperature increase for this test (No. 37) is shown 
in Fig. 6. These results indicate that at this higher pressure a 
thin scale forms at the beginning of the test and that the rate of 
increase in thickness is very slow. Thus, with an input of 224 
kwhr, 0.004 in. of scale was formed, and with 1416 kwhr, only 0.008 
in. The rate of increase in thickness of scale per kwhr, if 
calculated according to the amount of additional scale formed, 
would be only 0.033  10~‘in. per kwhr at 2000-lb pressure, which 
is 6.3 per cent of the rate of 150-lb pressure, or 6.7 per cent of the 
rate at 500-lb pressure. If calculated according to the total scale 


Fig. Secrionep To SHow Scate 
formed in run No. 37, it would be 0.056 10~‘in. per kwhr, or 
10.7 per cent of the rate at 150 Ib pressure. 


Wuat Factors INFLUENCE THE Rate oF CaLcIUM-SULPHATE 
ScaLe FORMATION? 

The data obtained in the tests reported in Table 2 should serve 
to answer this question. As already stated, the scale forms from 
a saturated solution and is independent within reasonable limits 
of the rate at which the excess of calcium sulphate is being added. 
Thus, at 150-lb pressure the calcium sulphate was being added at 
the rate of 0.22 lb per hr in excess of the solubility, while at 500- 
Ib pressure it was ee added at the rate of 0. 34 lb per hr in 
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excess; at 1000 , 1500-, 2000-, and 2700-lb pressure a large excess 
of solid phase was in the boiler from the start. 

Fig. 7 shows one of the tubes after sectioning, and illustrates 
very clearly the manner in which the scale is laid down. The 
scale is of even thickness for the entire length of the heated area, 
and then it suddenly stops. This shows that the scale forms on 
the surface being heated and but very little forms on the unheated 
surface. This would indicate that the scale is forming from a 
saturated solution, and the rate is apparently dependent upon the 
amount of steam being generated at the heating surface and the 
amount of calcium in solution. 

Examination of the crystal form of the scale formed at 1000 Ib 
pressure and lower showed defined crystals at the extreme ends 
of the scaled section where the rate of formation was slowest. 
However, at the center of the tube the crystal growth was so dense 
that the crystals were poorly defined. The definite crystals ob- 
tained indicate that the scale is forming by crystallization from 
a saturated solution and not by precipitation from a supersatu- 
rated solution. 

At pressures above 1000 lb the scale was no longer white and 
crystalline. It became very dense and black and the crystalline 
appearance was not evident. Analyses made on these scales 
(Table 3) showed that up to 10001b pressure the scale was practi- 
cally pure calcium sulphate. Above this pressure the sulphate 
content of the scale became lower. This would indicate that the 
stable solid phase at the lower temperature was calcium sulphate 
(CaSO,) without any water of hydration, while at the higher 
temperature it was a complex salt being made up of CaO and 
CaSO, in varying proportions. The solid in the boiler water at 
the higher temperatures was also analyzed. The sludge was 
found to be calcium sulphate. This indicated that the scale 
forming at the heating surface at pressures above 1000 or 1500 lb 
pressure was changing in composition. At the higher tempera- 
ture the calcium sulphate is likely to be unstable, forming a com- 
plex salt of calcium oxide and calcium sulphate, and the sulphate 
trioxide released undoubtedly reacts with the iron present. If 
this is true, one would not expect the scale to be crystalline in 
form or to deposit at a definite rate. This is apparently what is 
taking place at the higher temperatures. 


PREVENTION OF GALCIUM-SULPHATE SCALE 


The results obtained in the bomb tests indicated that much 
lower concentrations of sodium carbonate in the liquid phase were 
necessary to prevent calcium-sulphate scale than had been previ- 
ously assumed to be necessary. Thus, a few years ago it was 
assumed that sodium carbonate could not be used above 250-Ib 
pressure, since the amounts necessary to prevent sulphate scale 
would give such high alkalinities that the embrittlement ratios 
could not be maintained. However, the results of the solubility 
tests indicated that at 1000-lb pressure a sodium-carbonate con- 
centration of 85 parts per million would prevent sulphate scale 
even with the sodium sulphate above 150 grains per gallon. The 
data were obtained in bombs which were not generating steam; 
consequently the partial pressure of the CO, in the steam space 
was high and the undecomposed sodium carbonate would be high. 
Thus it was realized that tests must be run under actual steaming 
conditions in order to be in position to make this statement with 
any assurance of its being applicable to power-plant operation. 

Tests were run in the scaling boiler in which a scale of calcium 
sulphate was formed on the tube with an excess of calcium sul- 
phate in the boiler as a solid phase. After sufficient scale had 
formed, a solution of sodium hydroxide, sodium sulphate, and 
sodium carbonate was fed to the boiler. The boiler water was 
analyzed for sodium hydroxide, sodium carbonate, sodium sul- 
pave. and calcium. The results of these tests are given in Tables 

4 and 5. 
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TABLE 3 CHEMICAL ANALYSES OF SCALE FORMED WHEN 
CaSO, WAS PRESENT IN THE BOILER WATER 
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2700 
2700 


1 Sludge removed from boiler. 


TABLE 4 RUN NO. 12, 500-LB STEAM PRESSURE (470 F) 
(50 grams CaSO, added to boiler at start; filled with distilled water; 
intermittent feed and blowdown) 
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between 

feeding 
sample 

and 
blowdown 
sample, 
hr Feed 


180 


_—NaOH, ppm— —Na:SO., ppm—.—Na.COs, ppm— Ca, 
Boiler Feed Boiler Feed Boiler ppm 


Sample no. 


“IW: 


wh 


180 


oo 


TABLE 5 RUN NO. 13, 1000-LB STEAM PRESSURE (540 F) 


(50 grams CaSO, added to boiler at start; filled with distilled water 
intermittent feed and blowdow n) 

Time 

= duration 
2 between 
& feed and 
taking 


—NaOH, ppm—~.—Na2S0;, ppm— Ca, 
sample, hr 


Feed Boiler Feed Boiler oiler ppm 
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In run No. 12 at 500 lb pressure (Table 4), the sodium car- 
bonate in the boiler was reduced to as low as 25 parts per million, 
even with a feed containing 1000 parts per million of sodium car- 
bonate, within three hours after the addition of the feed, and at 
the same time the sodium sulphate was 1600 parts per million. 
When a feed of 5000 parts per million of sodium carbonate was 
added, the soda ash did not reduce so fast. However, calcula- — 
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tion showed that at this point practically all the calcium sulphate 
had been converted to sodium sulphate and calcium carbonate. 

In run No. 13 at 1000-lb pressure (Table 5) the sodium-car- 
bonate content in the boiler was reduced to practically the same 
figure as at 500 lb pressure. 

These results indicate that it is possible to maintain sufficient 
sodium carbonate at 1000-lb pressure to prevent calcium-sulphate 
scale even when the sodium-sulphate content is over 100 grains 
per gallon. 

At the completion of these runs, the tubes, when examined, 
showed that the scale was on the tube in two distinct layers. The 
top layer was a thin black scale, which could be readily removed 
from the other layer. It was magnetic and appeared to contain 
appreciable quantities of magnetic iron oxide. The lower scale 
next to the tube was a hard white crystalline scale similar to the 
regular calcium-sulphate scale. The scale appeared as though it 
was starting to loosen up and rot off. Analyses of the two distinct 
layers of scale in the two tubes gave the following results: 


RESULTS OF ANALYSES OF BOILER SCALES IN PER CENT 
COMPOSITION 


Fe:0; 
Undetermined 

These results show that calcium-sulphate scale was formed first, 
and the sodium carbonate reacted with the top portion of this 
scale to change it to calcium carbonate, which protected the lower 
portion of calcium sulphate from further attack. This would 
indicate that the removal of calcium-sulphate scale by means 
of soda-ash treatment would be rather slow. However, a study of 
the increase of 7, — 7; during these two runs showed that as soon 
as the sodium-carbonate content became greater than 25 parts 
per million in both runs, the temperature difference remained 
constant, indicating that calcium-sulphate scale was no longer 
forming. This would indicate that a concentration of 25 parts per 
million (1!/2 grains) of sodium carbonate in the boiler even at 
1000-lb pressure will prevent calcium-sulphate scale formation 
even when the sodium-sulphate content is greater than 3000 
parts per million (175 grains). 

In order to determine the limiting value of sodium carbonate 
more definitely, a study was made of the reaction starting with 


TABLE6 RUN NO. 16, 1000-LB STEAM PRESSURE (540 F) 
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calcium carbonate in the boiler and adding sodium sulphate and 
hydroxide to the boiler water. 

Table 6 gives the results of a test conducted at 540 F (1000-lb 
pressure), in which calcium carbonate was added to the boiler 
and a solution containing sodium hydroxide and sodium sulphate 
was used as feedwater. The sodium-carbonate content of the 
boiler water increased to between 20 and 30 parts per million and 
appeared to stay there. The sodium-hydroxide content remained 
at between 400 and 500 parts per million. The sodium-sulphate 
content was maintained around 4000 parts per million (230 
grains per gallon). The sludge remaining in the boiler at the 
completion of this test had 37.5 per cent carbonate or 62 per cent 
calcium carbonate, thus showing that calcium carbonate as a 
solid phase was stable in the presence of sodium sulphate when 
the sodium sulphate was over 4000 parts per million and the 
sodium carbonate not over 30 parts per million. 

The reactions involved in these studies are as follows: 


(1) 
(2) Na,CO, + H,O 2NaOH + CO, 


CaSO, + Na.CO, £3 Na.SO, + CaCO, 


If calcium sulphate is the solid phase at the beginning of the 
tests as in run No. 13 (Table 5) and sodium carbonate is added, 
the sodium carbonate will react to form sodium sulphate and cal- 
cium carbonate. However, the reaction is reversible, and if the 
sodium carbonate becomes less than the amount required to force 
the reaction to the right, the reaction will proceed to the left. 
Thus, if calcium carbonate is used as a solid phase as in run No. 16 
(Table 6) and sodium sulphate is added, sodium carbonate and 
calcium sulphate will be formed. The sodium carbonate will 
tend to react according to reaction (2). 

The results given in Tables 5 and 6 indicate that the amount 
of soda ash required to prevent the formation of calcium sulphate 
is about 25 parts per million, and this amount should be effective © 
with the sodium sulphate as high as 3000 parts per million. 


It was desirable to check still further the amount of carbonate — 
necessary to prevent calcium-sulphate formation as a stable _ 


phase in the boiler. The procedure followed was to add calcium 
carbonate and calcium sulphate to the boiler and then fill with a 
solution containing definite amounts of NaOH, NaCl, NazCO,, 
and NaSQ,. If the carbonate conterit was too low, the sulphate 
would precipitate and lower the sulphate content of the solution. 


Thus, if samples removed from the boiler showed no loss of sul- — 


phate, calcium sulphate was not forming and the carbonate con- 

tent present would be sufficient to prevent calcium-sulphate for-_ 
mation. The chloride present, since it does not enter into any 
reaction, would serve as a measure of concentration if any took | 
place. Thus, if the Na,SO,/NaCl ratio of the water in the boiler | 
was the same as that of the water being added, no calcium sul- | 
phate was forming, while if this decreased, calcium sulphate was 

forming. The test was run first with intermittent feed, only 

feeding sufficient water to make up for that removed for the 
analyses, and second, with a continuous feed. The results of the — 
test run at 1000- and 2000-lb pressure are given in Tables 7 and 8; _ 
the results of the 1000-lb test are also shown in Fig. 8. Fig. 8 
shows that at 1000-lb pressure (540 F), with intermittent feed, 
the sodium-sulphate-sodium-chloride ratio decreased rapidly 
and the Na,CO, content remained about 10 parts per million 
Na,CO;. When the continuous feed was started feeding at the 
rate of 1 lb per hr with a solution having 50 parts per million - 
Na,CO; present, the Na,SO,/NaCl ratio increased to a value equal | 
to that of the solution being added. The Na,CO; content in-— 
creased to around 25 parts per million. The NagSOQ,/NaCl ratio 
of the feedwater was then raised, and that in the boiler also” 
increased to the same figure, and the Na,CO, content remained - 
around 25 parts per million. The sodium-carbonate content of 
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lion, and the Na,SO,/NaCl ratio started to de- 


crease. The sodium-carbonate content was then 
Feed 


lowered to 15 parts per million, and the Na,CO; in & . Sa 
the boiler dropped to around 15 parts per million, 5 2 9 S 
and the Na,SO,/NaCl ratio of the boiler water con- tub 2 4 24 4 &@ 2 2 4 _ Feed Boiler 

3 Intermittent 61 62 495 51 12 62 222 1388 11 80 3.6 
tinued to decrease. D 125 62 495 51 12 62 183 165 11 0 2.9 

These results indicate that the Na,CO; content * 223 62 495 51 12 62 110 #173 #12 «48.0 = 1.8 

411 62 495 51 12 62 62 178 10 8.0 1.0 

~ necessary to prevent the formation of calcium sul- Continuous 431 62 495 0 56 62 194 139 1 8.0 3.1 
nee a " 495 62 495 O 56 63 380 100 21 8.0 6.0 

phate as stable phase in the boiler at 1000-lb “ 
‘pressure is about 25 parts per million and indepen- ~ 550 62 495 0 56 63 372 75 22 80 5.9 
d f th , - 620 62 495 O 56 62 483 62 31 80 #£7.8 
dent of the sulphate content (at least in the range “ 659 62 495 O 56 63 542 16 74 80 8.6 
tested). 676 62 495 56 62 485 77 21 80 #£7.8 

ed) ; “ 725 62 495 O 56 62 435 64 20 80 7.0 
Similar tests were run at 2000-Ib pressure. The 743 62 990 56 73 33 16.0 11.2 
results are given in Table 8. When the intermit- — aso $2 990 0 56 63 865 42 24 16.0 14.0 
910 62 9909 56 62 1010 53 20 16.0 16.3 
tent feed was used, the Na.SO,/NaCl ratio de oe 971 62 9909 0 56 62 950 48 21 160 15:33 
creased in value very rapidly and the Na,CO, 0 23 16.0 16.0 
content remained about 20 parts per million. When “ 25 «62 960 67 23 16.0 
i as us 1150 62 990 O 25 62 840 62 15 16.0 13.5 
the continuous feed was used and the sodium car a 1164 62 9909 O 25 63 900 64 14 16:0 143 
bonate was above 40 parts per million NasCOy in 1207 62 990 0 18 15 16.0 13.8 
. 15 7 2 16. 3. 
the feedwater, the NaSO,/NaCl ratio remained “ 15 84 1020 40 14 160 


almost constant and indicated that the calcium 
sulphate was not forming. The Na,CO; in the boiler 
water increased to about 30 parts per million. When 
the Na,CO; content in the feedwater was raised to 
100 parts per million, the Na,SO,/NaCl ratio in- 
creased and the Na,CO; content also increased, 
indicating that the CaSO, in the boiler was being 
converted to CaCO;. This indicated that if the Feed 
Na,CO; content is above 30 parts per million, CaSO, 
will not form as a stable phase at 2000-lb pressure. xs 

The results of the tests conducted in the scaling “ 
boiler check very closely the results obtained in the — @ontinuous 
bomb tests. These results obtained in the boiler i 
test were secured by running the tests under three . 
different conditions. Thus, by adding CaSO, to “ 
the boiler and then feeding Na,CO;, NaOH, and a 
Na,SO,, it was found that the amount of sodium “ 
carbonate necessary to prevent CaSO, formation 
as a stable phase was around 25 parts per mil- 
lion at 1000-Ib pressure. When CaCO; was used as a solid and 
the equilibrium approached from the opposite side, it was found 
that about 25 parts per million of NazCOs was also necessary at 
1000-lb pressure. When CaSO, and CaCO; were both present 
and a continuous feed of Na,CO;, NaOH, Na,SO,, and NaCl was 
used, it was found that 25 parts per million of Na,CO; was also 
the critical concentration at 1000-lb pressure. From these results 
it appears evident that if a concentration of sodium carbonate 
greater than 30 parts per million is maintained in the boiler water 
at all times, calcium-sulphate scale should be prevented even at 
pressures as high as 2000-lb pressure. 

Since obtaining these data, tests have been started in several 
large power plants to see if these figures will apply to actual 
operation. In three plants the sodium carbonate is being main- 
tained over 50 parts per million as a factor of safety. One plant 
has operated at 450-lb pressure for more than six months with 
scale-free tubes. The boiler concentrations at this plant are as 
follows: 


-—Concentration in parts per million— 


NasSQu........ 1675 1327 
Na:COs........ 50 65 45 
415 565 403 
Ratio: Total alkalinity... 3.08 2.96 3.30 


The sodium-carbonate concentration was obtained by the 
evolution method previously described. It has been noted that 
when the titration figures for carbonate show below 150 parts 


feedwater was lowered to 25 parts per mil- TABLE RUN AT 1000-LB STEAM PRESSURE (540 F) 


TABLE 8 TEST RUN AT 2000-LB STEAM PRESSURE (640 F) 
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(CaCOs and CaSO, added to boiler at start) 


(CaCO: and CaSO, added to boiler at start) 
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per million for sodium carbonate, the actual sodium carbonate _ 
is much lower.* Thus, if analyses of boiler waters by the regular — 
A.P.H.A. method show the carbonate content below this figure, — 
it would be advisable to determine the actual sodium carbonate — 
by the more accurate evolution method. ; 


® “Determination of Alkalinity in Boiler Waters,” Frederick G. 
Straub, Ind. & Eng. Chem., Analytical Edition, vol. 4, 290 (1932). 
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_ These results show that it will be possible in many higher pres- 
sure power plants to condition the boiler with soda-ash treatment. 
Thus, an external softener using lime and soda ash should, under 
efficient operating conditions, give an effluent which could 
be used as a feedwater for higher pressure boilers. It should be 
realized that sodium carbonate decomposes in the boiler water 
rather rapidly,'° and the introduction of a small amount of sodium 
carbonate continuously would prevent calcium-sulphate scale, 
whereas the intermittent feeding of larger quantities would not 
be effective. 


CoNcCLUSIONS 


(1) The rate of formation of calcium-sulphate scale is almost 
constant at 150-, 250-, and 500-lb pressure. At 1000-lb pressure 
the scale forms about one-third as fast as it does at 150-lb pres- 
sure (for a constant rate of heat transfer), while at 2000 lb it 
only forms about one-tenth as fast as at 150-lb pressure. 

2) The rate of formation of calcium-sulphate scale appears 
to be independent of the amount of calcium sulphate entering the 
boiler or the amount of sludge (within reasonable limits) in the 
boiler. 

_ (3) The presence of more than 30 parts per million (17 
grains per gallon) of sodium carbonate in the boiler water will 
prevent the formation of calcium-sulphate scale at pressures up 
to 2000 Ib. 

(4) The carbonate necessary to prevent sulphate scale is 
independent of the sulphate concentration within the limits of 

concentrations carried in the average high- 


Cyrus Wm. Rice."' Practise has definitely proved that organic 
matter, silicates, caustics, sulphates, pressures, ratings, and the 
degree of impurity concentrations in feedwater supplies influence 
both the rapidity and the characteristics of scale deposits in 
boilers. 

Rarely is it possible in practise to find any two water and 
‘Operating conditions alike. Under the circumstances no constant, 

chart, rule, treatment, or result of any experimental work has 
any definite practical value if cognizance is not taken of these 
facts. 

Again, conclusions drawn from work which fails to include the 
mentioned influences only confuse the rank and file of those 
operators who are responsible for results in the majority of steam- 
boiler plants today. I may be wrong in my conclusions regarding 
this particular study but the brief does not show a complete 
analysis of the water used for the experimental work nor that of 
the boiler concentrates. It is due to the fact that past experi- 
mental work has almost totally failed in this respect that made me 
mention this necessity if the results obtained through any kind 
of study are to find practical value. 

In view of the limited facts given in Professor Straub’s paper, 
I would like to know whether there was no treatment applied 
where the statement is made “that calcium sulphate forms at a 
constant rate at 150-, 250-, and 500-lb pressure, practically inde- 
pendent of the rate at which the calcium sulphate is being added 
to the boiler.” If this is the case, the effect is different under 
actual operating conditions, as SO, scale deposits within the boiler 
in proportion to the SO, content in the feedwater. In other 
words, the amount of SO, in the feedwater has a direct bearing 
on the amount of this which goes on deposit. 


10 “Decomposition of Dilute Sodium-Carbonate Solutions,’ Fred- 
erick G. Straub and R. F. Larson, Ind. & Eng. Chem., vol. 24, 1416 


(1932). 
a 11 President, Cyrus Wm. Rice & Co., Inc., Pittsburgh, Pa. Mem. 
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The direct effect the rate of heat transfer has on scale forma- 
tions, as it is indicated in this study, is well borne out in practise 
by comparing the analyses of samples of scale taken from fire- 
exposed surfaces with those from surfaces away from the fire. 
A typical example of this is as follows: 


Tube Scale, West Virginia Plant 
Middle Bottom 

2.60% 11.19% 7.30% 
1. 30% 7. 20% 3.20% 
0.11% 12.35% 14.20% 


Iron oxide (Fe:Os3)........ 
Calcium sulphate (CaSO,) 


Steam pressure, 
350 |b; 
trial load, 25 

yer cent 
nigh SO« water 


and make-up 
an & 6 pad evaporation 
largely fire- 
and first pass 
Tube Scale, Connecticut Plant 

_ Front First Steam 

Row Upper Drum 
13.69 15.09 13.12 Industrial load; 
6.85 9.06 3.55 steam pressure, 
Calcium sulphate......... 5.40 1.29 1.42 115 lb; conden- 


per 


Such comparisons furnished early facts — showing whether 
the sulphate scales were evaporated or precipitated products 

The conclusions reached in the second paragraph of this study 
are interesting, especially in view of the fact that the rate of heat 
transfer at each of the mentioned pressures was the same, and 
I also assume there was no difference in the SO, feed. Under the 
circumstances, if the deposits at 2000-lb pressure are 10 per cent 
of these at 500, and it has been definitely shown in earlier ex- 
periments that the solubility of the sulphates decrease with in- 
creasing pressures, what became of the additional sulphates? 
Were these precipitated under the higher pressure? Did these 
go over with the steam? And was there a chemical balance to 
show just what became of the SO, introduced to the boiler? 

In regard to the third paragraph of the summary, it is interest- 
ing to know that such a small amount (30 ppm) of sodium ecar- 
bonate was sufficient to prevent SO, deposits. In this connec- 
tion, was the sodium carbonate here calculated or was it de- 
termined by direct analysis? In the practise of treating in the 
field it is not so much the amount of remaining CO; that is to be 
considered in the conditioning as it is the amount of alkalinity 
needed to protect the boilers and equipment receiving steam 
against corrosion. This is the important matter to consider in 
the conditioning of high-pressure boiler operations because of the 
low, almost negligible, amount of solids contained in the feed in 
use for such operations and the tendency these waters have in 
causing corrosion. 

We are directing treatments for some few of the very high- 
pressure plants, and we find it absolutely necessary to maintain 
a pH reading in excess of 10.5. This, because of the exceptional 
feedwater, is the most important consideration in the condition- 
ing of concentrates for high-pressure boilers. 


J. K. Rummev." It is a real pleasure to have this opportunity 
to compliment Professor Straub on the very interesting work 
he has been doing in connection with the use of sodium carbonate 
for the prevention of calcium-sulphate scale. 

His conclusion, to the effect that the necessary carbonate con- 
centration of the boiler water is considerably less than has been 
shown by the physical-chemical theory agrees substantially with 
our own less exhaustive researches. We differ slightly in the 
quantitative results, but considering the differences in method 
and equipment, this is to be expected. Also, with some few 
exceptions, his general idea has been confirmed by our boiler- 


water and scale analyses. 


12 Babcock & Wilcox Company, Barberton, Ohio. 
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_ When we come to the practical application of the use of sodium 
carbonate as the principal treating agent for the prevention of 
boiler scale or calcium-sulphate scale in particular, there are a 
number of things which must be considered, and, as has been true 
in the past, it is advisable to study each case separately. For 
example, in the case of a boiler fed with a high percentage 
make-up, it usually develops that there is sufficient carbonate 
in the feedwater to maintain a suitable carbonate concentration 
in the boiler water and the prevention of calcium-sulphate scale 
is not difficult or expensive. In a great many other cases the per- 
centage of make-up is low and the feedwater is nearly all de- 
aerated condensate. With this type of feedwater it may be diffi- 
- cult to maintain the. desired carbonate concentration without 
exceeding the limits of total boiler-water solids and per cent 
_ blowdown, which for the higher pressure operation are usually 
fixed at some low values. One may, of course, recarbonate the 
boiler water in an external treating system, but this procedure 
is likely to be expensive. Therefore, a careful analysis of the con- 
ditions at these plants will be especially helpful in choosing the 
_ method of treatment. 
Unfortunately, calcium sulphate is not the only consideration 
in the prevention of troublesome boiler scale. For example, 
silica, the silicates and sometimes calcium carbonate are often 
= difficult to control than calcium sulphate, and in some sta- 
- tions we are still looking for a practical remedy. It is therefore 
_ hoped that this good work of Professor Straub will be continued, 
so that we may eventually arrive at the most practical methods 
of dealing with all scale problems and at the same time be able to 
— control the boiler-water concentrations within limits which will 
inhibit other troubles due to water conditions. It seems ex- 
_ tremely doubtful if any specific chemical will be found to cope 
with all boiler-water-treating problems, and in this connection 
any new information dealing with the limitations of the chemicals 
= available should be of considerable interest. 
In conclusion, I wish to say that I have no reason to object 
- to the use of sodium carbonate for the prevention of boiler scale, 
~ and my remarks are offered only with the idea of calling attention 
to some of the difficulties of its application. 
Arraur J. Herscumann.'’ The fact that high-pressure boilers 
ean be operated without difficulty from seale is proved by the per- 
formance of a number of Loeffler boilers in years of service. We 
remove all dirt which collects in the vaporizer, although it does 
no harm within that drum, which could accumulate much sludge 
without detriment. 
It is conceded that these forced steam circulation boilers are 
free from seale and corrosion of internal surfaces. With the shut- 
down of the boilers for examination and external cleaning, 
_ specimens of condensate were withdrawn from radiant and con- 
- vection superheaters. Tested in the laboratory, these showed 
absolute purity. This will appeal to practical engineers as a 
- Common-sense substantiation of the statement heretofore re- 
ceived with much surprise that no dirt reaches the tube elements 
of the Loeffler boilers, which stay clean and do not corrode. 


W.C. Scuroeper" anp Everett P. Partringe.'* The paper 
presents interesting and valuable data. The authoris to be com- 
_ mended for his ingenuity in experimentation at high pressures and 
for the care exercised in checking by these scaling tests the con- 
clusions previously deduced from solubility studies. 
With regard to the first conclusion stated at the end of the 
_ paper, the writers feel that some caution should be exercised in 
the interpretation of the apparent rates of scale formation in 
18 Agent, Vitkovice Steel Works, New York, N.Y. Mem. A.S.M.E. 


- 14U, 8, Bureau of Mines, Nonmetallic Minerals Experiment Sta- 
tion, Rutgers University, New Brunswick, N. J. 
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Table 2. In the tests at pressures of 150, 250, and 500 lb per 
sq in. gage where relatively high and nearly identical rates of 
scale formation were measured, the boiler water must always 
have tended toward at least a slight degree of supersaturation as 
a result of the continuous feed of a calcium-sulphate solution 
which, at the moment of its introduction into the boiler, would 
have been approximately 100 per cent supersaturated in test 2 
at 150 lb and approximately 550 per cent supersaturated in test 
6 at 500-lb pressure. 

In these tests where the feed solution continuously introduced 
more calcium sulphate than could remain in solution at the boiler 
temperature, most of this excess probably separated as loose crys- 
tals of calcium sulphate in the body of the boiler water. How- 
ever, there would always be a tendency for this excess dissolved 
calcium sulphate to deposit from solution on any crystals of cal- 
cium sulphate already present in the boiler, whether as loose 
sludge or as scale on the heating tube. The growth of the erys- 
talline scale on the heating tube would then depend to some ex- 
tent on the difference between the amount of calcium sulphate 
in the entering feed, and the amount which could exist in solution 
at the boiler temperature. This difference was much greater in 
the test at 500 lb than in the test at 150 lb, with the test at 250 lb 
presumably intermediate, although the concentration of the cal- 
cium sulphate in the feed for this latter test is not mentioned in 
the paper. It seems possible to the writers that this fact may ac- 
count for the nearly equal rates of scale formation in the tests at 
150, 250, and 500 lb. 

In the tests at the higher pressures the situation was quite dif- 
ferent. Here the supply of dissolved calcium sulphate for the 
formation of scale could come only from solid calcium sulphate 
introduced into the boiler at the start of each test. The deposi- 
tion of solid calcium sulphate as scale on the hot tube necessarily 
depended upon the solution of an equal amount of calcium sul- 
phate from the sludge. Instead of tending toward supersatura- 
tion as in the tests at lower pressures, the boiler waters in the 
higher-pressure tests must actually have tended toward under- 
saturation, since only in this way could calcium sulphate be dis- 
solved from the sludge. 

From the preceding discussion it is evident that the rates of 
scale formation recorded in Table 2 represent not only the effect 
of increasing temperature and pressure in themselves, but also 
the effect of a widely differing potential for the process of scale 
growth. It is scarcely surprising that the rates show no pro- 
portionality to the slope of the equilibrium-solubility curve of 
anhydrite. Such proportionality would be expected only if other 
variables were held constant. 

Although no general relation between boiler temperature and 
rate of scale formation should be drawn from the data of Table 2, 
the individual tests, when considered in the light of the condi- 
tions during each test, are of the greatest value because they ex- 
tend our information concerning scale formation to higher rates 
of heat transfer and higher boiler temperatures and pressures 
than have hitherto been investigated. 

In the treatment of the rate of scale formation in the paper the 
wording allows some confusion as to whether, at a constant rate 
of heat transfer, the rate of scale formation is dependent on the 
solubility of calcium sulphate in the solution, or on the rate of 
change of solubility with temperature, that is, the slope of the 
solubility curve. It is the slope of the solubility curve which has 
been used as a criterion of rate of scale formation. One reason 
for lack of proportionality between solubility slope and rate of 
scale formation in the present tests has already been discussed. 
Other factors, such as the effect of increase in temperature upon 
the density, viscosity, and amount of vaporization at constant 
heat input, with their resultant influence on circulation in the 
scaling boiler and the temperature drop from the hot surface to 
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test of the effect of solubility slope. 

If the data given in Table 2 for the solubility of calcium as 
calcium sulphate in boiler water are compared with the data pre- 
viously published by Professor Straub for the solubility of calcium 
as calcium sulphate in the studies with the solubility bombs, a 
rather marked difference is apparent. In both cases only cal- 
cium sulphate is supposed to be present in solution. At 360 F 
the data are in exact agreement, but at higher temperatures they 

iverge quite markedly until at 600 F the value in Table 2 is only 
one-third of the value from the solubility tests. It would be very 
interesting to know the reason for this divergence. 

From Tables 4 and 5 the conclusion has been reached that a 
concentration of 25 ppm of sodium carbonate in the boiler at 
1000 lb pressure will prevent calcium-sulphate scale formation 
even when the sodium-sulphate content is greater than 3000 ppm. 
Actually, in these two tables there is only one sample which con- 
tained 25 ppm of sodium carbonate or less and over 2000 ppm of 
sodium sulphate. It is stated, however, that as soon as the so- 
dium-carbonate content became greater than 25 ppm in both 
runs, the temperature difference remained constant, indicating 
that calcium-sulphate scale was no longer forming. A log of the 
values for the temperature differences for these two runs would 
have made an interesting addition to the paper. 

The data given in Table 6 were obtained by charging the boiler 
with calcium carbonate and then pumping in a feed containing 
sodium carbonate, hydroxide, and sulphate. At the end of the 
run the sludge contained 62 per cent calcium carbonate. Pre- 
sumably most of the remaining 38 per cent was calcium sulphate, 
which would indicate that during some part of this run calcium 
sulphate was the stable phase, since it was actually formed from 
the calcium carbonate. In other words, during this run an equi- 
librium existed between calcium carbonate and calcium sulphate, 
the actual position of the equilibrium depending mainly on the 
concentrations of sulphate and carbonate in the boiler water. 
It is certainly impossible to conclude from this run that calcium 
carbonate was the stable phase at all times. If this were true no 
conversion should have occurred to calcium sulphate. 

In the runs considered in Tables 7 and 8, with the exception of 
one sample the sodium carbonate ran from 10 to 40 ppm and the 
sulphate ran to slightly above 1000 ppm. ‘These data are very 
valuable in predicting how much sodium carbonate is necessary 
to prevent calcium-sulphate scale up to this concentration of 
sodium sulphate but they cannot be used to state directly how 
much sodium carbonate will bé necessary if the sodium-sulphate 
concentration is increased above this value of 1000 ppm. 

It should be noted especially for runs 12 and 13 in Tables 4 and 
5, which are intended to show the removal of calcium-sulphate 
scale, or at least the stoppage of its formation by the presence of 
certain concentrations of sodium carbonate, that no calcium sul- 
phate was introduced with the feed. At the start, solid calcium 
sulphate was introduced into the bottom of the boiler, a scale was 
formed, and then a feed containing only sodium carbonate, hy- 
droxide, and sulphate was added. As previously noted, this 
would tend toward undersaturation of the boiler water with re- 
spect to calcium sulphate. In actual boiler operation the cal- 
cium sulphate ordinarily comes in with the feed, and often in high 
enough concentration to tend toward supersaturation of the 
boiler water with respect to calcium sulphate at the temperature 
of operation. To make the scaling tests in the experimental 
boiler comparable with operating conditions this same procedure 
_ should be followed. This would make the process of scale forma- 
tion independent of the rate of solution of calcium sulphate, and 
remove possibilities of undersaturation. 


ts solution, would also have to be considered in any rigorous 
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may be used as a conditioning chemical at high as well as low — 


boiler pressures. ‘Too much emphasis cannot be placed, however, 
on the fact that such operation can be successful only when super- 
vised by a competent chemist with a knowledge of solubility © 
equilibria. 

J. D. Yoprr.'® That the chemical reactions at the higher 
boiler pressures of the most common scale-forming substances 
should be so similar to the reactions at the lower pressures as 
established by Professor Straub should be assuring to engineers 
designing high-pressure boiler plants, particularly for industrial 
plants where the make-up water is generally high. When high- 
pressure boilers were first used in central stations they were fed 
with distilled water. There was some uncertainty on the part of 
engineers as to the practicability of the high-pressure boiler, 
where large quantities of make-up were required. The evidence 
submitted indicates that it might be somewhat easier to protect 
boilers at 500- or 2000-Ib pressure from calcium-sulphate scale 
than at lower pressures. 

No reference is made to the greater need of preventing even 
thin coatings of scale because of the higher temperature of the 
water, and therefore greater likelihood of burning tubes. He 
also takes no account of other substances which are scale-forming, 
such as magnesia and silica. By proper treatment with lime and 
soda ash the magnesia offers no trouble from scale. For some 
cause (the explanation of which may never have been given) 
there appears a greater tendency for formation of silicate scales 
at the higher boiler pressures. This tendency is more pro- 
nounced with lower sodium carbonate alkalinities, assuming that 
sodium carbonate alone is depended upon for the prevention of 
scale. In confirmation of Professor Straub’s findings I have not 
observed the tendency for the formation of calcium-sulphate 
scale at the higher pressures, even though the relationship of the 
sodium carbonate to sodium sulphate was not increased beyond 
that required for lower pressures. 

However, I advocate that for the higher boiler pressures the 
lime and soda treatment should be supplemented with phosphate. 
I have had the opportunity to compare the condition of boilers 
at a large number of plants where water has been treated with 
lime and soda ash and supplementary phosphate, with results 
obtained by lime and soda ash alone and I find that where the 
phosphate is properly fed the boilers have a greater freedom from 
scale than where lime and soda ash alone were fed. The scale 
most likely formed in high-pressure boilers in the absence of the 
phosphate treatment is largely a mixture of calcium silicate and 
carbonate. Supplementary phosphate treatment has, within 
my experience, been uniformly successful in preventing this 
calcium-silicate-carbonate scale. 

The feeding of phosphate has the further advantage that scale 
can be prevented with a lower excess of sodium alkalinity. Vari- 
ous illustrations might be given but I have particularly in mind 
one paper mill which has been operating for three years at 600-lb 
pressure with a large percentage of make-up which is treated with 
a hot-process lime and soda softener supplemented with phos- 
phate, directly to the boiler. This plant endeavors to operate 
with approximately 5 grains per gallon trisodium phosphate 
(50 ppm PO,) and an alkalinity of sodium carbonate plus sodium 
hydrate of 5 to 10 grains per gallon. This treatment has given 
the boilers substantially perfect protection from scale. 

The custom at this plant is to open the boiler annually for in- 
spection. After the third annual inspection no scale was found 
in the boiler even though it is not customary to wash out the 
boilers between the annual inspections. During this time no 
tubes have been lost, nor have they shown any indications of 
blisters due to scale. The boiler conditions are better than 

~ 48 Cochrane Corporation, Philadelphia, Pa. 
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could have been expected by the feeding of lime and soda ash AuTHor’s CLOSURE 
alone. 


The various questions which have been raised by those dis- 
The advantage of holding the excess sodium alkalinity in cussing this paper show that they are very much interested in the 
boiler water as low as possible are well known, both with respect subject and have read the paper in detail. 
to giving the boilers less tendency to prime and also to provide However, quite a few of their questions were anticipated by the 
greater assurance against embrittlement. In addition to this author, and additional data have been gathered to answer these ~ 
(as the prior work of Straub has shown) the phosphate radicalof and other questions. It would take too much space to answer © 
itself is of value in preventing embrittlement of boiler plate. them in detail here. Since presenting this paper, a bulletin — 

It is correct, as Professor Straub has pointed out, that the feed- of the Engineering Experiment Station, University of — 
ing of phosphate adds to the cost of chemical treatment but the (No. 261) entitled “The Cause and Prevention of Calcium Sul- 
greater assurance given to prevent formation of scale and em- phate Scale in Steam Boilers” has been published, and in it has © 
brittlement as shown by experience, well justifies its cost for the been published the additional data. Consequently, I believe | 
higher boiler pressures. For the lower boiler pressures the cost that answers to practically all of the questions which have been 
of the phosphate treatment does not seem justified. raised may be found in this bulletin. 
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Some 


Design Aspects of the Rigid Airship 


By DR. KARL ARNSTEIN,' AKRON, OHIO 


_ This paper reviews earlier airship design and present-day 


trends in the light of modern design practise as exemplified — 
in the construction of large size airships such as the_ 


“Akron” and “Macon.” 

It is pointed out by the author that a saving in specific 
deadweight has always accompanied increases in airship 
size, except in those cases where specifications have been 
markedly altered or where the designer has deliberately 
sacrificed a weight advantage for an expected improvement 
in performance. 

The design of bulkheads and main frames is discussed 
with regard to the restraint of gas cells and the distribution 
of planar loads. The influence of the number of corridors 
in strengthening the main frames against torsion and in 
assisting in the support of the intermediate frames is also 
discussed. 

There have been but few developments in the engine 
field during the past few years but it does appear that in 
the matter of power-plant location the “‘inboard”’ in- 
stallations will have the advantage over ‘‘outboard”’ 
installations for the faster long-range airships now pro- 
jected for commercial service. 

In discussing means of maintaining the ship’s equilib- 
rium under varying conditions the author touches on 
disposal of ballast and aerodynamic lift to compensate for 
localized loss of gas, water recovery from the exhaust 
to replace the weight of the fuel consumed in a ship using 
liquid fuel, some advantages and disadvantages of gaseous 
fuels, and general design problems involved in guarding 
against uncontrolled descent. 


lished in the 1928 Transactions,? the possible development of 

large rigid airships was generally discussed, based on an extra- 
polation from the known performance data on the medium- 
size airship Los Angeles. It was suggested in this earlier paper 
that the ideas advanced should be reviewed after the actual 
construction of a large-size airship. In line with this suggestion, 
it is proposed 


[: A PAPER presented to this Society in 1927 and pub- 


(1) To revise the data on specific deadweights 

(2) To offer additional information on the subject of rigid 
mainframes and bulkheads 

(3) To discuss the functions of multiple corridors 

(4) To give a comparison of inside and outside power 


7 plants, and 

1 Vice-President in charge of engineering, Goodyear-Zeppelin 
Corporation. Mem. A.S.M.E. Dr. Arnstein was born in Prague, 
Czechoslovakia, and received his education at the University of 
Prague, and the Institute of Technology, serving for two years as a 
member of the faculty of the latter. From 1914 to 1924 he was 
with the engineering staff of the Luftschiffbau Zeppelin Co., 
Friedrichshafei, Germany, in which capacity he designed about 70 
military and commercial airships, including the Los Angeles. He 
came to this country in 1924 as technical director of aircraft con- 
struction of the Goodyear Tire and Rubber Company. In 1925 
he assumed his present position. He designed the Akron and the 
Macon and the great airship dock at Akron. 

? A.S.M.E. Transactions, 1927-1928, paper no. AER-50-4. 

Contributed by the Aeronautic Division and presented at the 
Annual Meeting, New York, N. Y., December 4 to 8, 1933, of THE 
AMERICAN Society OF MECHANICAL ENGINEERS. 
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To point out the general design problems in connection 
with loss of gas and forced uncontrolled descent. 


REVISION OF DATA ON SpEcIFIC DEADWEIGHTS 


In 1928, when the original paper was presented, the largest 
airship in existence was the Los Angeles. Her volume, at a 
nominal inflation of 95 per cent, was about 2,500,000 cu ft. The 
experience and weight data associated with the design of this 
airship were important factors in the preparation of the curves . 
presented in that paper. 

In the intervening five years the world has witnessed the 
construction of five large rigid airships, all of them appreciably 
larger than the Los Angeles, and two of them more than twice 
as large. During this period the viewpoint on some of the basic 
design assumptions has changed appreciably. This appears to 
be an opportune time to review the earlier assumptions and to 
adjust the conclusions to be derived therefrom. 

The earlier paper presented a graph? showing the decrease 
in the unit weight for the entire deadweight of an airship as the 
volume was increased. While the basic trend of this curve is 
still correct, there have been changes in design requirements 
during the intervening years which have rendered the absolute 
values obsdlete. As a specific case a designer extrapolating from 
past experience might have concluded that a 5,000,000-cu ft 
airship could be built for from 135,000 to 140,000 lb, and yet 
the construction of the British R-100 and R-101 airships showed 
that even their expected deadweight of 90 tons could not be met. 

The original data should be revised in the light of modern 
experience and the newer design specifications. The nature 
and magnitude of the revisions may be determined from a 
consideration of the assumptions used in formulating the original 
graphs. 

Our original prediction assumed that a light-weight, low-fuel- 
consumption, reversible engine, built along the lines of American 
airplane engines, would become available for airships and that as 
larger airships were built these engines would become available 
in larger power units, thereby decreasing the unit weight per 
horsepower. This prediction has not yet come true. The Graf 
Zeppelin and the Macon are both equipped with Maybach 560-hp 
engines weighing about 4.5 lb per hp. 

Progress is being made in the design of such light-weight 
American engines for airship use, and the engine situation may 
improve in the future. There is, however, considerable pressure 
for the use of the so-called “safe fuels” in airship engines, and it is 
possible that airship Diesel engines may become available before 
suitable safety-fuel engines can be developed. The Diesel 
engines will have a high-unit weight, possibly higher than that 
of the present Maybach gasoline engines, so that it seems ad- 
visable to predict future development on the basis of heavier 
engines. A large portion of the overweight in the British-built 
R-101 can be attributed to the use of Diesel engines weighing 
8 lb per hp. 

For simplicity in the original calculations a common airspeed 
of 70 knots was used for all sizes. In actual practise there has 
been a gradual increase in speed from the Los Angeles to the 
Macon, which, incidentally, is the fastest airship ever built. 
The original predictions, therefore, are subject to correction for 
the increased speeds which have been realized in practise. 


See Fig. 13 of original paper. 
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Speed has a double influence upon the weight of the airship. 
In the first place the installed power-plant weight varies with the 
cube of the maximum speed to be obtained. A ship like the 
Macon, designed for a top speed of 72.5 knots, could be expected 
to carry 12 per cent more power-plant weight than a ship of the 
same size designed for only 70 knots. (Actually, with attained 
speeds of 74 to 75 knots, the Macon power plant would have been 
justified in being 20 per cent overweight by the old 70-knot stand- 
ard.) The second influence of speed is noticed in the weights 
of the hull and the empennage. The beam strength of the 
hull, with the exception of the bow section, can generally be 
taken to vary with the square of the maximum speed. The fins 
and rudder structure must also be increased in strength and 
weight in accordance with the increase in the square of the de- 
sign velocity. 

The higher flight speeds also require additional outer cover 
support in the panels and along the fin and control surfaces. 
The accidental ripping of the fin covering on both the Graf 
Zeppelin and the R-101 during squalls encountered on trans- 
atlantic flights has resulted in the use of more rigid outer cover 
supports in ships built since that time. 

The practise of deriving strength calculations for the hull of an 
airship on the assumption of a hypothetical bow force, represent- 
ing the action of a gust on an airship as it was flown at full speed 
into a zone of cross-wind, was not adopted until after the Shenan- 
doah disaster. There had been no incentive for serious con- 
sideration of this case in the design of the Los Angeles and other 
early German airships since much reliance was placed upon the 
experience factor; that is, the knowledge of what strengths had 
proved adequate in the wide range of operation conditions 
actually experienced in the past. C. P. Burgess‘ subsequently 
analyzed a series of airships in the light of this hypothetical 
gust theory and from his knowledge of the structural strength 
built into the various airships concluded that the maximum 
gusts they could withstand with safety at full speed were 17, 
20.6, and 56 fps for the Shenandoah, Los Angeles, and Akron, re- 
spectively. 

There is a strong possibility that commercial ships of the 
future will be designed to a similar type of bow-force specification. 
In some respects this would correspond to the practise in naval 
architecture where surface vessels are designed to resist the action 
of a hypothetical wave. It appears that a correction for this 
item must be introduced if the original data are to be used for 
predictions of the weights of future commercial airships. 

Our opinion regarding interior arrangements for the crew has 
changed considerably. The allowances made for the quartering 
of the crew had been admittedly low, being based on the war- 
time practise of letting the crew sleep in hammocks or bunks 
arranged along the gangways with little wall or floor space. 
In both the Los Angeles and the Graf Zeppelin the quarters 
appear meager compared to the light, ventilated staterooms for 
the crew of the Macon. Improved standards of living and the 
maintenance of high crew morale during long flights suggest 
that the crew be given accommodations superior to those of war- 
time ships, but probably not necessarily as ample as those 
carried by the Macon. 

In utilizing these predicted weight curves one must keep in 
mind the fact that they apply only to the basic operating weights. 
Commercial equipment like the staterooms of the Los Angeles 
and the commodious passenger accommodations in the Graf 
Zeppelin must be charged against the commercial payload. 
In the same manner the weights built into the Akron and Macon 
for military equipment, such as gun emplacements, inside air- 
plane compartments, airplane landing trapezes, etc., all belong 
in the military_load and not in the basic deadweight. They 
* Journal, American Society of Naval Engineers, August, 1931. 


should not be used in arriving at prediction curves for a range of 
sizes. 

It is evident, therefore, that a fair comparison will involve 
two sets of changes; one adjusting the basic unit-weight curve 
of the original prediction to the present standards of strength, 
comfort, and reliability, and the other a correction of the re- 
ported deadweights by the removal of those portions of the 
reported weight which are attributable to the useful load and 
their reduction to the basic design values. The weight state- 
ments for the last six rigid airships to be built have been analyzed 
and adjusted in conformance with the preceding discussion, the 
final comparative unit weight values being presented in Table 1. 


aA TABLE 1 COMPARATIVE UNIT WEIGHTS 


ate (Lb per 1000 cu ft of air volume) 
Actual weights 


Adjusted Reported Basic 

Airship prediction value value 

Los Angeles... 32.1 30.9 
Graf Zeppelin . 28.6 32.1 30.5 


The adjusted prediction values in the first column have been 
obtained from the original values presented in the 1928 paper by 
the addition of reasonable weight allowances for those items 
which have been discussed as representing new standards or 
specifications in the airship industry. These revised unit weights 
represent the values which are now considered necessary if 
airships are to be built according to modern standards. For this 
reason they may be compared with the corresponding returned 
weights of airship structures and the “theoretical” overweights 
determined. 

The column headed “reported value’”’ has been obtained by 
dividing the reported deadweight of each airship by its estimated 
air volume. The values for the deadweights used here are those 
published by the designers in recognized aeronautical journals 
or released by governmental agencies during the course of in- 
vestigations. The “basic value” figures have been obtained 
by making appropriate allowances for items generally included 
in the reported weight but more properly attributable to the 
useful load. 

The difference between the reported and basic values for the 
Los Angeles and the Graf Zeppelin is due to the removal of 
the weights for passenger accommodations. The correction of the 
data for the British airships has been complicated by the absence 
of published detailed weight statements. The reported dead- 
weight of R-100 has been reduced by 17,700 Ib. This is a com- 
bined correction making allowances for her passenger accommo- 
dations and the use of light-weight engines. A total of 26,000 
lb was subtracted from the deadweight of R-101 to correct for 
passenger accommodations and for excessively heavy engines. 

The Akron and Macon values are entitled to a correction of 
about 22,000 lb of directly removable weight. Something like 
two-thirds of this weight is in water-recovery apparatus (not 
carried by the other ships in the table of comparison), the re- 
mainder being made up of such miscellaneous items as airplane 
compartment, accessibility features, machine-gun stands, the 
elaborate control stand in the lower fin, and an unusual amount 
of handling equipment. 

The first and third columns of Table 1 may be used for com- 
parisons, but there is one other correction which should be 
applied to the Graf Zeppelin, Akron, and Macon weights in order 
to make the comparison fair and complete. This is the allowance 
for deliberate “overweight” built in by the designers with the 
knowledge that it would be more than paid back by the improved 
performance and the reduction of the fuel load needed to ac- 
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complish any given mission. 
The combined weight of the 
lifting-gas cells and fuel-gas 
ballonets in the Graf Zeppelin 
is considerably greater than the 
weight of the lifting-gas and 
liquid-fuel tankage for a con- 
ventional airship of the same 
type. The efficiency of the 
fuel-gas system, however, more 
than offsets the increased dead- 
weight allowance. If the Graf 
Zeppelin were to be converted 
to straight liquid-fuel operation 
the modified unit weight would : 
be in excellent agreement with 
Table 1. : 
The inside power-plant ar- 
rangement of the Akron and 
Macon will be discussed later in 
this paper. From the weight 
standpoint it can be shown that 
an outside power-plant instal- 
lation would require the ex 
penditure of at least 10,000 Ib 
more fuel to attain the same eee 
maximum cruising range as the 
Macon. The specification of ond + 
this airship stated that it was SS ‘ee 
to be used “primarily for scout IRE oS + 
ing at sea’’ where long range is a r 
necessity. The comparative or 
basic value for the Macon may, 


therefore, be lowered by about Fig. 1 Resittrency Devices (AgRou Strut) Mountep 1n ArrsHip STRUCTURE 
1.3 units, thus bringing it into 
agreement with the adjusted prediction. comparative positions in the “‘basic’’ table. Actually, in these _ 
In preparing e thre een left in their cases, the designers were able to build airships with the unit 
weights in the “‘predicted”’ table if they so desired, but they chose m 


the alternative of building heavier ships because they expected 
that the improved performance of the heavier designs would 
more than compensate for the apparent waste of weight. 
Riem MAIN FRAMES AND BULKHEADS 


The earlier paper described main frames consisting of a series : 
f diamond-shaped trusses, the ends of which were connected bya 7 
stem of taut bracing, as typical for “medium-size class” air- a 
hips, and discussed the type of built-up rigid ring frame which 
t was planned to adopt for “large-size class’’ airships. 
The paper also mentioned the possible use of a loose flexible — 
network as a bulkhead in connection with these built-up frames, | 
leaving the carrying of load entirely to the rigid ring. The rigid | 
ng frames of the Akron and Macon were designed to carry the — 
pecified loads without the assistance of the bulkheads, but the 
original alternative plan of using loose bulkheads between © 
adjacent gas cells was abandoned in the early stages of design ~ -s 
development as soon as it became apparent that it would not 
permit a desirable degree of static stability with the original type 
of construction. In other words, it was feared that the gas 
cells would surge excessively under conditions of pitch unless 


ae some more rigid method of holding the cell ends in place was 


adopted. 
The expedient of using a netting which was installed under 
sufficient initial tension to give the desired control of the gas- 
- surging tendency was to be preferred and, in addition, the netting > _ 
Fic. 2. Riaip Frame AND NETTING installed in this manner stiffened the main frame in a way similar e 
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to the wire bracing which had been used in smaller ships like the 
Los Angeles. The new type of initially taut netting was attached 
to the majority of the main frames through the medium of re- 
siliency devices. (See Fig. 1.) These devices could be set so 
that the netting would have an initial tension sufficient to give a 
reasonable control of the surging tendencies during normal 
flight. Under more severe conditions, and particularly with a 


deflated cell, the resiliency devices would elongate, allowing a 


Load 


Fig, Typicau PARTICIPATION OF BULKHEAD IN THE 
oF Loap 


change in the effective length of the netting and permitting it to 
assume a better shape for the transmission of the bulkhead load 
to the longitudinals. This combination of built-up ring frames, 
netting, and resiliency devices was successfully incorporated for 
the first time in the Akron and Macon class. (See Fig. 2.) 

While the deflated cell condition is perhaps the most severe 
which the design of the frame and wiring must meet, it must 
also be suitable for the transmission of the concentrated loads to 
be experienced particularly in ground handling. In this respect, 
the built-up main frame has the advantage that a locally applied 
load is distributed over a large sector of the frame, and, therefore, 
affects a large portion of the netting. A frame consisting of 
consecutive diamond trusses is not so well adapted for the ready 
distribution of concentrated loads and the brunt of them must 
be borne by the wires connected to the particular joint under 
load. It appears that inherently rigid ring frames offer better 
distribution of concentrated loads. 

The resiliency devices can be readily adjusted with sufficient 
initial tension so that they will not start to elongate under the 
radial component of any external concentrated load which is 
likely to occur. Where the external loads are expected to be 
very high, as is the case with the frames to which the ground- 
handling gear is attached, it may be desirable to eliminate the 
devices entirely. This step has already been made on some of the 
frames in the- Akron design and the combination of built-up 
frames and wiring alone has been found to be practicable. 

The resiliency devices are automatic units, the functioning of 
which is particularly important in the case of a deflated cell. 
Since this emergency seldom arises and since the units add to the 
initial cost, maintenance, and deadweight, there is some thought 
that they might be dispensed with altogether or their function 
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discharged by some simpler automatic extension device, or even 
by devices which could be operated by the crew at the time of 
the emergency. 

The load-distributing effect of a bulkhead of the netting type 
can be best demonstrated from wire stress measurement made in 
connection with frame-loading tests. Fig. 3 shows the typical 
participation of a bulkhead of the netting type in the trans- 
mission of planar loads. The dotted inner circle shows the initial 
tension uniformly distributed over the ring. Vertical loads 
increased the tensions in the vertical plane and decreased those 

in the horizontal plane. The amount of load carried by the 


_ “{ bulkhead can be varied at will by adjustment of the wire lengths. 
- It can be reduced by equalizing the tensions, or it can be in- 
creased by shortening the wires in the vertical plane and lengthen- 

ing the wires in the horizontal plane. 


The installation of a radial or cord-type bulkhead in a rigid 
ring frame is also a possibility. Comparative tests with the 
netting and the radial type of wiring are being conducted. 
Both types may have merits. The netting probably will allow 
somewhat better elasticity under side pressure and will dis- 


+---Deflection with 
5 Gangways 
“al! 


— Deflection with 
3 Gangways 


Outward 


<= Inward 


Fig. 4 Typican RaptaL DEFLECTION oF INTERMEDIATE FRAME 
AGainst CHorD BETWEEN FRAMES UNDER Gas PRESSURE 
aT Apout 90 Per CENT INFLATION 
(Ordinates of deflection shown greatly exaggerated.) 


tribute loads over a larger area of the frame; the radial type 
because of lesser flexibility, however, may relieve the ring frame 
of a somewhat larger portion of the load in the plane of the frame. 

Another, and older, solution of the problem is the use of an 
axial tension element which is connected to the wiring of each 
bulkhead and thus removes a large share of bulkhead load due 
to difference of pressure in adjacent cells. More recently a cen- 
tral beam has been substituted for this tension element. This 
type of structure complicates the gas-cell installation, but is not 
appreciably heavier since the weight for the axial element may 
be partly compensated for by reduced weight requirements in 
the bulkhead wiring and the main-frame girders. The axial 
element may be designed to offer assistance in the attachment 
and installation of the additional ballonets which are required 
for fuel-gas and hydrogen-ballast airships. 
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MULTIPLE CoRRIDORS 
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The earlier paper discussed two main-load-carrying lower 

_ corridors located 45 deg from the vertical axis, as well as the use 

of a gas-valve inspection corridor on the top of the ship. It is 
evident that the two side corridors apply the loads to the struc- 
ture in a very efficient way, since the weights are brought close 
to the shear-transmitting equatorial part of the structure and there 
is a minimum of distortion in the frames. 

The multiple-corridor arrangement permits the whole airship 

_ structure to be observed, inspected, and repaired in flight in a 
manner heretofore impossible. The load-carrying corridors 
_ also provide more space for the installation of fuel and ballast. 

The three-corridor arrangement costs some weight and gas 
space, but it offers the advantage of a structural support to the 
intermediate frames and main frames. The intermediate frame 
must change its contour under the buoyant forces and finds 

support from the three keels, thus also benefiting the longi- 
tudinals indirectly. The main frames have, among other load 
conditions, to take care of a twisting load in case of side pressure 

on a bulkhead. Again, the three corridors relieve the main 
frames of a part of this torsion. 

The displacement of the joints of the intermediate frames in 
their own planes under the influence of the buoyant forces has 
been the subject of very extensive research by actual full-size 
measurement. Ingenious apparatus was devised by which an 

_ observer stationed on the dock floor could, by looking through a 
‘Powerful telescope, actually read the relative displacements 
_of intermediate joints against an optical chord line between main 
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frames. Readings were obtainable to an accuracy of a milli- 
meter, either while the ship was on its assembly towers or while 
it was floating free in the dock. An optical system of scales, 
lenses, and mirrors was so worked out that the accuracy of the 
observations did not depend on the exact location of the tele- 
scopes. This expedient made it practical to follow these mea- 
surements on hundreds of joints for several weeks. Fig. 4 shows 
the character of displacement of the joints of a typical inter- 
mediate frame under the effect of the forces from the buoyant 
gas at 90 per cent inflation. The plot reveals the predominance 
of expansive forces in the upper quadrant and a contractive 


Fig. 6 ‘‘Macon” Type or OuTBoaRD 

flattening out of the arcs between the lateral gangways and the 
equator. From this actually observed behavior in the presence 
of three gangways, the probable type of distortion that can be 
expected if two additional corridors were installed, has been 
approximated in the same figure by dotted lines. 

In order to study the effect of the side gas pressure trans- 
mitted through a bulkhead adjacent to an empty cell upon the 
twist of the main frame, a series of interesting experiments was 
carried out in cooperation with Professor Plummer of Case 
School of Applied Science, Cleveland, Ohio. Students, there, 
have built a model of a trussed main frame of celluloid tubes as 
girders and brass wires for bracing elements, as shown in Fig. 5. 
This model was designed to obey, as nearly as was possible, 
the laws governing elastic similitude. These laws are that 
homologous forces, applied to the model and to the full-size 
prototype, produce geometrically similar deformations, when all 
model forces are reduced in magnitude according to a definite 
scale. Suitable selection of materials and load conditions 
permits of the study of elastic deformations greatly in excess of 
those occurring in full-size service, and thus renders them 
amenable to much more accurate measurement. This ring 
model was subjected to twisting loads, the twist of all sections 
being measured in several experiments with restraint offered by 
five or three gangways respectively. These investigations are 
being continued and are throwing considerable light on the 

xtent to which the multiple corridors stiffen the main frame 

gainst torsion. 


CoMPARISON OF INSIDE AND OvuTSIDE PowER PLANTS 


The merits of inboard and outboard power plants can be 
impartially compared only when the same required design speed 
is taken into consideration. The attainment of a specified air 
speed with outboard plants requires the expenditure of more 
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power than would be necessary with an inboard installation for 
ships of the same size and other similar characteristics. 
It is interesting to compare the merits of the outboard in- 


a Berm of some previous ships with the inboard installation 


of the Macon (see Fig. 6), using the propulsive coefficient K as a 
_ measure of merit. The propulsive coefficient K can be expressed 
_ as being in direct proportion with the third power of the speed 


A 4 and the two-thirds power of the volume, and in inverse propor- 


tion with the required horsepower: r 


pv vo 


Kean also be defined as twice the propulsive efficiency di- 
_ vided by the ship’s drag coefficient. It is a measure of the 
efficiency of the drive and the aerodynamic qualities of the ship, 
- combined. Table 2 shows the improvement of the propulsive 
- coefficient of the Macon over that of previous ships: 


TABLE 2 
Shenandoah L-49 Los Angeles Macon 
2,300,000 2,062,000 2,800,000 7,401,000 
53 52 63.5 72.5 
orsepower 


Power-plant weight, lb 
weight lb per hp 


It is interesting to consider hypothetical versions of these 
earlier ships having the nominal volume of the Macon (6,500,000 
cu ft) and her guaranteed top speed of 72.5 knots. The power 
required for the propulsion of such ships may be roughly esti- 

_ mated from a‘consideration of the ratio of the cubes of the actual 
_ and hypothetical air speeds and the ratio of the increase in volume 
_ to the two-thirds power. Values of these ratios, or “power 
_ multipliers,” are given in Table 3. 
It should be remembered, however, that the propulsive co- 
efficients will not remain constant over this range between the 
actual and the hypothetical ships, but will improve slightly with 
increasing size and speed. This “scale effect” influence is also 
listed in Table 3. The probable horsepower needed to attain 
the desired performance in these hypothetical ships has been 
computed with the help of these “power multipliers’ and the 
“scale effect’’ adjustment. 


TABLE 3 


Shenandoah L-49 Los Angeles Macon 


Ratio of cubes of s 2.710 
Ratio of two-thir 

volumes é 2.314 
Allowance for scale effect, per 

cent 13. 15 
Original horsepower (as built)... 1500 1200 
Hypothetical horsepower 72 6543 
Hypothetical power-plant 

weight, lb 72,013 65,430 


53,061 50,412 


_*. The figures of Table 3 assume that ships of the size and speed 


of the Macon were built under the status of the art existing at the 
Bp of construction of the original ships. The contention may 
be made that the art of outboard-power-plant design has im- 
proved in the intervening years, and this is undoubtedly true, 
but one must remember that the Macon inboard power plant 
_ has by no means exhausted the design potentialities of this type 
and much further improvement is still possible. In any event 


_ the figures of Table 3 strongly indicate that the inside arrange- 


ment may possess advantages for high-speed airships. 
_ As previously stated, more power is required to attain a given 
air speed with outboard than with inboard plants, but the unit 
—- (pounds per horsepower) for an outboard plant is generally 
less than that for an inboard installation. The total power re- 
quired depends not only on the drag of the ship but also on that 
2 the power plant itself, so that the importance of the drag 


Equivalent Parasite Area, Sq Ft 


varies with the speed to be attained. The greater the speed 
required, the more important the drag due to power plant be- 
comes. In other words, the greater the relative drag area con- 
tributed by any power-plant arrangement, the sooner the weight 
increase necessary for a further increase in speed assumes im- 
pedimental proportions. Under certain circumstances there is a 
speed at which the weights of the two competitive arrangements 
would be the same. At higher speeds the weight advantage would 
pass from the one to the other. The speed for which the total 
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weights would be alike can be calculated if the drag area of the 
power plant can be expressed in terms of horsepower accommo- 
dated. Assuming, for instance, direct proportionality between 
the two, the “equivalent weight” speed may be expressed as 
n(t — ws) 
v= 
p(wodi wido) 


where 


n =the propulsive efficiency (assumed the same in both 
cases) 

wy = specific weight, lb per hp, for outboard plants 

wi = specific weight for inboard power plants 

dy = specific drag area, sq ft per hp, for outboard power plants 

d; = specific drag area for inboard plants 


If wo were equal to wi, the inboard power plant with its smaller 
drag area would have the advantage at all speeds. Since, how- 
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ever, outboard power plants are lighter than inboard, they have 
the deadweight advantage for low speed. As they have more 
drag area per horsepower, however, they lose out on the high’ 
speeds where more horsepower is required. 

Assuming practical numerical values for wo equal to 0.7, 0.8, 
and 0.9 times the value of w; : do, as two, three, and four times 
as great as di (ratios which are not out of order), and taking a 
reasonable value for n, then the “equivalent weight’’ speeds 
will be those shown in Fig. 7 where the shaded area represents 
the range of contemporary projects. A clue as to the relative 
drag areas of inboard and outboard power plants is given in 
Fig. 8, which presents the results of tests’ made on models of 
outriggers similar to those employed on the Macon and power 
cars like those of the Los Angeles and Graf Zeppelin. 

The center region of the shaded field (see Fig. 8) indicates that 
with a design speed of about 100 mph, the net weights of the 
power plants, inboard and outboard, are on a par. Of course, 
other things being equal, the low-drag ship having the engines 
within the hull will always hold an advantage in the way of fuel 
consumption, over the other, regardless of the length of the flight. 

The fuel consumption at cruising speeds is an even more 
important criterion. In fact, an actual advantage may be gained 
from the inboard plants on an airship of present or contemplated 
sizes at speeds considerably below 100 mph. For any given 
speed, the hourly fuel consumption is proportional to the drag at 
that speed. Therefore, even if the higher drag airship has less 
initial deadweight it will eventually have consumed enough 
fuel to outweigh the difference in power-plant weights. If the 
time required for this to happen is well within the flight duration 
scheduled for the service for which the airship is intended, there 
remains no question as to the advantage of the inside power plant 
from the weight standpoint; even though it may be heavier, 
it may start its flight with a much lower fuel load, offsetting the 
deadweight penalty. 

Under the same assumptions as introduced before, the number 
of hours which the airship with inboard power plants must fly 
to overcome its handicap of deadweight can be expressed ap- 
proximately by 


a where w; and wy, represent the total weights of the power plants 
of the ships with inside and outside plants, respectively, and 
F; and F, their respective hourly fuel consumptions at the same 
speed. Since the total weights are functions of the power and 
unit weights and the hourly fuel consumption are functions of 
power and unit drags, it is possible to arrive at the following 


expression for the “equalizing time:’ 
: f = specific fuel consumption, lb per hp-hr 
1100 
m 
: Um = top speed 
1100 
ve = the cruising speed 


__ § Made at Daniel Guggenheim Aeronautical Laboratory, California 
Institute of Technology, Pasadena, Calif., under the supervision of 
_ Dr. Th. von K4rmén and Dr. C. B. Millikan. 
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The other symbols are the same as _— used in Equation [2]. 
Fig. 9 has been prepared from Equation [4] by substituting a set. 
of reasonable values as before and assuming top speeds of 80, 
90, and 100 mph and cruising speeds of nine-tenths of the top 
speeds (73 per cent power). Again narrowing the field to the 
more definite limits of contemporary projects, it is seen that a 
weight advantage is realized after flying for 30 to 35 hr with a 
ship having a top speed of about 90 mph. It is evident that on 
commercial airships of the future the inside arrangement will 
either be worth its weight from the start or will pay for itself 
on flights of less than 50 hr. Transatlantic flight schedules will 
probably average more than 50 hr so that in such a service the 
inside arrangement would be justified. 

In this discussion, the greatest emphasis has been placed on 
weight, since that is a primary consideration. Next in importance 
is the possibility of exerting a vertical force, positive or negative 
lift, with propellers in tilted position. In this respect the inboard 
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drive has a positive advantage. Another important considera-— 
tion is propeller efficiency and gear losses. For the individual © 
power-plant arrangement equipped with reversing and swiveling | 
gear, there is probably no decided difference in efficiency between _ : 
outside and inside power plants. In the case of the multiple - 
in-line arrangement, similar to the one used on the Macon, some © 
efficiency has admittedly been sacrificed for the benefit of a very — . 
practical installation. Among the other points for discussion | 
may be mentioned the comfort of the mechanics, ease of in- | 
spection and repair, fireproofness, ete., but most of these items 
either have a relatively small effect or offset each other in these 
two types. In the final analysis, the criterion must be com-— 
bined weight of the power plant and fuel load for the accomplish- 
ment of the given service. 

The discussion of this controversial subject has been confined 
to the accepted types of airship power-plant installations as they - 
are now being built. In the future, we may see airships driven 
by power eggs suspended outside the hull and perhaps utilizing 
air-cooled engines. At the present time there is considerable 
reluctance on the part of airship operators to accept any proposal 
of remote control for airship engines. It may be that this is an 
old prejudice which could be modified in the light of existing 
reliability records. Consideration of such units merely involves 
the use of the appropriate unit weight, drag, and fuel consump- 
tion figures in the comparative formulas. 7 = = 
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DesigN IN CoNNECTION WitH Loss or GAs AND 
Forcep UNCONTROLLABLE DESCENT 


In his paper,® delivered at the A.S.M.E. Annual Meeting in 
December, 1933, Commander Garland Fulton has pointed out 
the importance of maintaining equilibrium during flight while 
fuel is being consumed. His discussion covers the three possi- 
bilities, (a) of valving gas (hydrogen), (6) regaining ballast 
either by recovery from exhaust gases or by picking it up from 
the sea or taking it out of the air, and (c) by burning gaseous fuel 
of about the density of air. 

The method selected for maintaining equilibrium during flight 
has also a bearing on the general design arrangement with regard 
to the ability of the ship to maintain its equilibrium after loss of 
buoyant gas. 

A reasonable solution of the problem is to so dimension the 
largest gas cell that the loss of its lift may be offset by disposal of 
the available ballast or may be carried by the aerodynamic 
lift of the ship. The combination of these two means of main- 
taining altitude is naturally permissible although the designer 
must keep in mind the fact that as the ship approaches its 
landing, the air speed, and hence the aerodynamic lift, may 
frequently become very small and for this reason the ship must 
be reasonably close to buoyancy equilibrium at this time. 

The choice of the proper amount of trim ballast is intimately 
connected with the question of what quantity of disposable 
load is always available. The answer may depend largely upon 
the type of airship and the service in which it is to be used. 
A helium inflated, gasoline-engined ship, like the Macon, when 
on a long-range scouting expedition, would carry liquid loads of 
more than 100,000 lb. As the fuel is burned, the exhaust gases 
are cooled in the water-recovery equipment and an equivalent 
weight of water is recovered. The airship remains in weight 
equilibrium since the sum of the fuel and water is always equal 
to the total liquid load, the liquid load being mostly fuel at the 
start of the flight and mostly water at the end of the flight. 
It is evident that in airships of this type the captain has an 
abundance of liquid ballast at his disposal and that fairly large 
gas cells are permissible. 

Another type of airship is the fuel-gas ship, exemplified by the 
Graf Zeppelin. This airship operates on a gaseous fuel having a 
density very near that of air so that the consumption of the fuel 
does not seriously interfere with the equilibrium of the airship 
and no water-recovery equipment is required. On the other hand, 
the lack of effective weight in the fuel renders it practically use- 
less as ballast in the emergency of a deflated gas cell. Ballast 
must be provided for this contingency and some of it is usually 
carried in the form of liquid fuel which may be burned in the 
ship’s engines as a reserve fuel, the gaseous fuel being used for all 
normal operations. It is naturally desirable to keep this liquid 
ballast (in the form of a fuel reserve) as small as possible since 
it cannot be fully counted upon as useful load. The smaller 
quantity of ballast available has necessitated greater subdivision 
of buoyancy in this design. 

The two most recent airship disasters may be analyzed as due 
to unchecked descent, the descent being perhaps due in one case 
to a loss of gas and in the other to vertical currents associated 
with storm conditions. Means of checking such descents are at 
the captain’s command in the form of disposable ballast and 


6 A.S.M.E. Transactions, May, 1934, paper no. AER-56-8. 
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powerful aerodynamic control. These two remedies have always 
been available in the past and to a larger degree than before 
in recent American designs, but it may be expedient to supply 
them in even greater quantity or power on future airships. 

But there is something just as fundamental as the availability 
of the remedies: It is the necessity that each remedy be applied 
at the proper time and in the proper degree to assure recovery 
and prevent serious consequences. There must be reliable 
methods of informing the captain of the exact position, motion, 
and condition of his craft in space. He must be enabled to know 
why the ship is in downward motion the instant such a motion 
starts, in order that he may take the proper corrective steps in 
time. 

For this purpose concentration of efforts toward perfection of 
flight instruments is recommended. The most important of 
these instruments are an absolute altimeter (reading height 
above the ground), a dynamic-lift indicator, a gust indicator, 
and an angle-of-attack indicator. While instruments can never 
replace human judgment, they can and will present the exact 
facts of the crisis to the captain in such a manner that he can 
make a clear-cut decision. Improvement upon the existing 
instruments of this group and the introduction of new instru- 
ments of this type will go a long way toward making airship 
operations under a conservative operating policy a safe and 
reliable service. 


isCussion 


G. V. WuirtLe.’? Some of the broader aspects of the design 
of rigid airships are excellently presented by Dr. Arnstein. It 
is an illuminating and worth-while procedure to pause occasionally 
and compare progress already made with that previously antici- 
pated as has been done in this paper. The statistical comparisons 
given clearly illustrate the great progress in design and the sub- 
stantial improvement in performance of airships which have 
been realized in the past decade. There appears to be ample 
justification for the expectation that the advance in the art of 
designing, building, and operating airships will be as great in 
the next decade as it was in the last. 

Airship progress has been greatly hampered by non-avail- 
ability of suitable airship engines. It seems that five or six 
reliable engine units are a sufficient number for a rigid airship 
and the present outlook favors units having a power rating of at 
least 1000 hp. The performance of an airship such as the Macon 
would be greatly improved if this airship were equipped with six 
engines having a total power rating equal to the eight engines 
with which it is now equipped. The weight to be gained by the 
elimination of two engine rooms and the improvement possible 
in specific engine weight with a modern engine are only part 
of the gain, as the reduction in crew with attendant savings 
in facilities and consumables for the crew would also contribute 
an appreciable share. The drag of the airship and hence the fuel 
consumption would also be reduced by the elimination of the 
two power units. It is hoped that sufficient encouragement 
will be forthcoming to foster development in this country of 
suitable high-powered engines for airship use so that this laggard 
in the path of airship progress may catch up with the procession. 


7 Lieutenant-Commander (Construction Corps), U. 8S. Navy. 
Inspector of Naval Aircraft, Goodyear-Zeppelin Corp., Akron, Ohio. 
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tere By J. M. GWINN, JR.,! BUFFALO, N. Y. 


Spins may be divided into two classes, controlled and un- 
controlled. In the controlled spin there is immediate 
response to control, while in the uncontrolled spin the 
response occurs some time later or even not at all after the 
controls have been moved. The problem is to avoid the ac- 
cidental controlled or uncontrolled spins and to make the 
uncontrolled spin controllable. The author has made 
many observations of uncontrolled spins. The flights 
were carried on over a period of three years and show toa 
limited extent the independent effect of wing loading, 
center-of-gravity position, tail-surface plan form, tail- 
surface airfoil section, control-surface throw, and wing 
airfoil. The author indicates a number of conclusions 
from these observations, the first one of which is that wing 
loading is one of the major factors in uncontrolled spins. 


T IS now more or less generally recognized that there are 
kinds of spin, controlled and uncontrolled. The 
difference is that in the controlled spin there is immediate 
response to control, whereas in the uncontrolled spin the response 
occurs some time later or even not at all after the controls have 
been moved. By definition, a controlled spin is not dangerous, 
aside from the loss of altitude if near the ground. Few modern 
airplanes spin accidentally from the normal maneuvers which are 
permissible close to the ground. In consequence the controlled 
spin is no longer as dangerous as it used tobe. The problem is, 
however, still twofold: (1) to avoid the accidental controlled or 
uncontrolled spin and (2) to make the uncontrolled spin con- 
trollable. 

The following discussion is mainly concerned with uncontrolled 
spins. The observations have all been on the one type of air- 
plane shown in Fig. 1, most of them with the same engine, but 
all with air-cooled engines of similar external physical dimensions. 
The flights in which these observations were made were carried 
on over a period of three years and show to a certain limited ex- 
tent the independent effect of wing loading, center-of-gravity 
position, tail-surface plan form, tail-surface airfoil section, con- 

-_trol-surface throw, and wing airfoil. 

Table 1 gives some of the results in terms of the number of 
_ turns required for recovery with full opposite rudder for the vari- 
ous combinations of wing loading and balance tested. We 
were fortunate in being able to vary these items more or less 
independently. Conditions “‘A” to “E,” inclusive, were obtained 
in one airplane with the same engine. Condition “F”’ was ob- 
- tained in the same airplane with a heavier engine and the wings 
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moved forward to produce about the same balance as in the origi- 
nal airplane. Conditions “G” and “H” were tested in the a. 
airplane with a heavier engine but with the wings in the 
original position. Inasmuch as all of these airplanes had identical 
wing cellules, tail surfaces, and fuselages, and the noses in all 
cases had quite similar air-cooled engines, it is felt that the dif- 
ferences observed are due entirely to the differences in weight 
and balance and not to fuselage nose. Elevator position at be- | 
ginning of recovery made little difference, recovery being slightly 
faster with up-elevator. All spins excepting ‘‘A”’ were of —_ a 
uncontrolled type. 


TABLE 
Number 
C.G. of 
Wing position’ turns 
Air- load- on or 
plane Test ing M.A.C. recovery 
1 A 7.0 0.250 W/, Rear cockpit empty 
1 2 7.0 0.333 1 Front cockpit empty 
1 8.5 0.328 13/4 Two men 
1 D 9.4 0.315 2/4 Extra gas on c.g. and baggage 
‘ slightly forward of c.g. 
1 E 9.4 0.370 3 Extra gas on c.g. and baggage 
aft of rear cockpit 
2 F 10.3 0.340 6 Extra gas on c.g., two men 
3 G 8.6 0.228 1 Front cockpit empty 
3 H 10.2 0.249 3 Extra gas on ¢.g., two men 


These results are plotted in Fig. 2, and two curves for center- 
of-gravity positions of 25 and 33 per cent have been drawn on the 
plot. Apparently the position of the center of gravity has a 
more or less constant effect, while increasing wing loading has a 
greatly increasing effect, on recovery. As shown later, the varia- 
tion in distribution in the tests was negligible. 


EFFEctT oF VARYING Fin AREA 


A great many tests were run to show the effect of changes in 
fin area, the aspect ratio of the fin, rudder area and throw, and 
fin airfoil (see Fig. 1). The first change made was the complete 
removal of the cover from the original small fin. This hastened 
entry into a spin and greatly hastened recovery. This did not 
seem reasonable, it being thought at that time that an increase 
of fin area should check spinning. The increase in fin area was 
assumed to provide additional damping which, in turn, would 
slow down the spin. Larger fins were therefore tried and the 
larger the fin the harder it was to produce a spin and the longer 
it took to recover once a spin was produced. This was quite 
discouraging. In varying aspect ratio of the fin it was 
found that a low-aspect-ratio fin produced more directional 
stability at high angles of yaw than a high-aspect-ratio fin of the 
same area, but no appreciable difference was noticed in a spin. 
Restricting the rudder throw made a spin more difficult to achieve 
and recovery more difficult. The effect of reducing the rudder 
throw was identical with the effect of increasing fin area. Due 
to poor rigging in one test, the rudder throw was greater in one 
direction than in the other. This made it easy to spin in the di- 
rection of the greater throw but difficult to come out, and vice 
versa. It being assumed that the fin was completely stalled in a 
spin and that delaying the stalling point of the fin would aid in 
recovery, a very thick fin was built but the results were negative. 
This was due probably to the fact that when completely stalled 
the camber has very little effect on C,. This checks with the 
negative results obtained with changed aspect ratio. It is con- 
ceivable, however, that delaying the stalling of the fin might 


prevent some airplanes from spinning. 
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We finally arrived at an explanation for the fact that after 
a spin was accomplished the larger fin did not seem to provide 
damping. In contemplating the probable effect of a fin 20 feet 
square, one immediately saw that the airplane would rotate 
around the fin.? This led to the idea that increasing fin area 
moves the point of rotation of the spin aft. Since the effective- 


tation was further aft. When the rudder was reversed, the fin 
area was increased by a lesser amount, due to the reduced throw, 
and the increase was of little benefit on account of the greatly 
reduced lever arm. It is conceivable that, if the rudder were 
reversed slowly, the center of rotation could be moved slowly 
aft and that the airplane would not recover at all. In other 
words, recovery should be exe- 
cuted with as sudden an ap- 
plication of opposite rudder 
as possible so that the increase 
of fin area can dampen out the 
spin before the center of rota- 
tion has moved aft. 

Nearly all airplanes are 
known to spin differently to 
the right and left and this 
difference usually has been 
ascribed to gyroscopic forces 
from the propeller or to lack of 
symmetry in rigging of the wing 
cellule. The fin is usually off- 
set to line up with the race 


ORIGINAL HORIZONTAL TAIL NOT CAMBERED 
LOW A.R TAIL WHICH GAVE CONTROL IN SPIN 


ORIGINAL HORIZONTAL TAIL, CAMBERED, GAVE 


IMPROVED CONTROL IN SPIN. ADOPTED AS STD 

MORIZONTAL TAIL WITH MORE SPAN THAN 
ADOPTED WITH B5 ENG 

ORIGINAL FIN ADOPTED AS sro 

LARGE HIGH A.R. FIN, DELAYED ENTRY AND 

OBLAVYED RECOVERY 

LARGE LOW AR FIN, MUCH BETTER THANE”. 

ADOPTED WITH BS ENG FOR DIRECTIONAL 6TA- 


rotation of the propeller at 
cruising speed. The fin will 
therefore stall sooner in spin- 
ning in one direction than in 
the other. This of course pro- 


BILITY 


Fie. 1 1 Arrptane USED IN SPIN TEsTS 
(Engines used in tests—Warner Scarab, Kinner K5 and B5, Challenger, wings 5 in. forward, Continental.) 


ness of the fin in damping is proportional to the fin area and the 
cube of its distance from the center of rotation, any increase in 
the fin area,? accompanied by moving the point of rotation aft, 
is likely to be of negative benefit. Prior to the occurrence of this 
idea it had been noted on one occasion that the center of rotation 
with a large fin seemed to be further aft, but it had been passed by. 
With this new idea in mind, the observation was recollected, 
and it was felt strongly that a theory of attacking the fin area 
problem was at hand. The test with the reduced rudder throw 
indicated merely that the fin effect of the rudder in a spin was 
greater with reduced rudder throw and therefore the center of ro- 


2 This however is an exaggeration inasmuch as the center of rota- 
tion could not move aft of the center of gravity unless the airplane 
spun with the tail lower than the nose. 

The airplane will tend to rotate about that axis about which damp- 
ing moments are a minimum. This tendency to rotate about the 
axis having minimum damping is usually opposed by other factors, 
namely, lift moments and centrifugal forces, but with an absurdly 
large fin these other forces would become negligible. 

3 It is to be noted that blanketing of the vertical tail surfaces by 
the horizontal tail surfaces has not been mentioned. The reason for 
this omission was twofold, (a) the blanketing effect was thought to be 
so well known as not to merit additional discussion, and (b) we ob- 
served actual changes in spin characteristics with changes in vertical 
fin area above the stabilizer, and noted differences of the same kind 
and amount with similar changes in the fin area below the stabilizer 
(in one test a false bottom was added to the fuselage gradually in- 
creasing its depth from the rear cockpit to the tail post). It was 
felt, in consequence of this, that blanketing was not the whole story. 

It has been suggested that the improvement due to low-aspect- 
ratio, horizontal tail surfaces might have been due to less blanketing. 
This can hardly be so as the reduction in aspect ratio was obtained 
by a large increase in chord and a small decrease in span, the elevator 
hinge line not being moved. Considering the relative position of this 
surface to the fin and rudder and the probable angle of airflow, 
+60 deg in side view and about 45 deg in rear view, it is apparent 
that the blanketing was, if anything, increased by the low aspect 
ratio of the 


duces a lack of symmetry in 
spin. Offsetting the fin zero- 
lift line by camber reverses the 
direction in which the fin stalls 
later. The proper combination 
of offset and camber should therefore produce a fin which stalls 
at the same angle to both the right and left. This was tried and 
found to work and we were able to produce airplanes with very 
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nearly identical right and left spins and right and left snap rolls. 
In passing it might be stated that prior to this, in one test, the air- 
plane recovered from a prolonged spin in 1'/2 turns to the left and 
2'/, turns to the right. Putting the fin on the center line changed 
this to 2'/; turns to the left and 2'/, to the right. There was no 
gain, it must be admitted, as it was purely at the expense of the 
left-hand spin. On the other hand, it demonstrated that the 
lack of symmetry was due to the fin. 
Errect oF VARYING HorizonTaL Tart SURFACES 
| _ Another series of tests was run with variations in horizontal 
tail surfaces. At the very beginning of these tests it was recog- 
nized that the fundamental problem in the uncontrolled spin is 
the stalling of the stabilizer, this being the principal difference 
between a controlled and an uncontrolled spin. There are 
several methods of delaying the stall of the stabilizer: (1) to 
lower the aspect ratio, (2) to use a high lift section, (3) to use 
slots on the stabilizer, (4) to use no fixed stabilizer, but to have a 
large elevator hinged somewhat aft of the leading edge so that 
when the elevator is up in a flat spin the angle of attack of this 
surface is not sufficiently high to stall it. Fig. 3c shows the 
probable flow with this latter type of tail; Figs. 3a and 3b show 
the flow with conventional stabilizer and highly cambered stabil- 
izer, respectively. We first tried a great reduction in aspect 
ratio of the horizontal tail surfaces, with immediate beneficial 
results. The resulting tail was so horrible to look at, however, 
that we did not feel that it was the proper solution; so we re- 
sorted to camber on the top of the stabilizer. The results 
thus produced were not so good as with the low aspect ratio, 
but this solution was more adaptable to our purpose, and we 
immediately adopted the highly cambered stabilizer, which we 
have since used on all small two-seater planes. 

It seems that the stalling of the stabilizer is the crux of the 
question and should be the point of attack of the problem. This 
made little difference in the old days, because we had thin wings 
which stalled sooner and low-aspect-ratio horizontal tails which 
stalled later. Therefore, the wing stalled so much sooner than 
the stabilizer that the airplane was not capable of being brought 
up to an angle of attack high enough to stall the stabilizer. Some 
of the tales heard of the old thin-wing airplanes getting into spins 
of a different nature were undoubtedly uncontrolled spins ob- 
tained through some uncommon means such as a bump in the 
air. 

Experiments with changed elevator throw were conducted, the 
only noticeable effect being reduction in stick reversal with in- 
creased elevator throw. This is due to the fact that, with the 
increased throw, the elevator trails more nearly at its free trailing 
angle and therefore the force on it is less. At angles of attack 
of the stabilizer below the stall, the normal trailing angle of the 
elevator is approximately one-half of the angle of attack of the 
stabilizer. At a 20-deg stabilizer angle of attack this is 10 
deg up. 

If the total up-elevator motion is 30 deg, this is one-third the 
total up-elevator motion, and the stick therefore seeks a new neu- 
tral not sufficiently aft of true neutral for the pilot to notice. At 
angles of attack in which the stabilizer is truly stalled, the eleva- 
tor probably trails free at the angle of attack of the stabilizer. 
In other words, at a 30-deg angle of attack of the stabilizer the 
elevator tends to trail up 306 deg and the stick comes all the way 
back. Thus, when the stabilizer stalls there is a sudden move- 
ment of the stick aft. An airplane of another make was tested 
in the course of the experiments and, although it was found to 
have a spin quite similar to our airplane, the stick reversal force 
was much lower. The elevator throw was measured and found to 
be 40 deg up compared to 29 deg on our ship. We felt that this 
explained the difference in stick reversal 
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Four wing-airfoil sections were tried. Our normal airfoil, — 
a Clark Y-15, had no rigid leading-edge cover to maintain the 
airfoil at the nose. Our first experiment was therefore to use a — 
duralumin leading-edge cover. The pilots reported a “wicked’’ 
spin; one of much faster entry. They all pulled out of this spin 
as quickly as possible and we did not deem it advisable at that 
time to make a long spin. This was undoubtedly due to the 


greater autorotative couple resulting from the greater forward 
slope of the resultant force on the outer tip. 


Errect or AIRFOIL SECTION 


Direction of Air Flow 


Fic. on Horizontau Tait SURFACES IN A SPIN 


The next change in airfoil section was the trial of a Gottingen _ ~ 


398 airfoil. The spins were absolutely the same as those found | 
with the Clark-Y. It is to be noted that the 398 wing had no rigid _ 
leading-e ze cover. 
The third change in airfoil section came about by accident. : 
We were making tests at one time with a 2000-ft ceiling in mae 
we climbed up into the clouds to about 4000 ft and spun down | 
through the clouds, recovering when we came out of them. It | 
has been forgotten just what variation we were trying at the © 
time, but we were greatly gratified to discover that the ship re- 
covered much more rapidly than before. We were about to . 
congratulate ourselves on some great discovery in the way of _ 
tail-surface change, when we noticed that there was ice onthe air- _ 
plane. We did not know whether this ice had produced the ef-_ 
fect, so we broke it off and repeated the test, gathering ice on our — 
climb, and had the same rapid recovery. We first assumed that — 
the ice had greatly increased the drag on the interplane brace 
wires, so we made a flight with the streamline tierods flat to the 
wind. No great difference was noticed. We then put a piece of | 
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wood on the leading edge to imitate the ice. We were not at- 
tempting to sharpen the leading edge, however. On the air- 
plane we were using there was a very sharp break in the contour 
where the fabric left the leading edge. We felt that probably 
the ice ahead of the leading edge faired out the sharp break and 
produced probably a smoother lift curve, so our wooden strip was 
made with the intention of fairing out this curve. This did 
not help as much as the ice, but it did help, and we adopted 
a modified leading edge on some of our later airplanes. This 
idea was mentioned to Mr. Diehl, of the Bureau of Aeronautics, 
who in turn conveyed it to another aircraft manufacturer. This 
manufacturer put a triangular strip of wood on the leading edge 
of his airplane and greatly improved its spinning characteristics. 
The National Advisory Committee for Aeronautics took the 
matter up and ran some wind-tunnel tests. Their report‘ shows 
that sharpening of the leading edge to all intents and purposes 
makes a thin wing out of a thick wing. Naturally then, the spin 
would be changed to the spin of a thin wing. The maximum lift, 
however, was reduced 26 per cent. It is not felt that using air- 
foils with reduced maximum lift is the proper line of attack. 
So much for observation. 


MATHEMATICAL ANALYSIS 


Equations [9], [10], and [11] of Appendix 1 give a starting 
point for qualitatively examining the effects of various changes 
in the airplane on a spin. 

Equilibrium of Pitching Moments. The most striking thing 
about these equations is the term sin? 6: cos 6z in Equation [9]. 
This term varies from 0 at 6: = 0 to a maximum of 0.385 at 6: = 
54.8 deg and back to 0 again at 6: = 90 deg. This indicates 
that as far as the balance of flattening couples against pitching 
couples is concerned, the airplane may be in equilibrium in a 
spin in two positions for every center-of-gravity location except- 
ing that center-of-gravity location which gives 6: = 54.8 deg. 
Equation [9] shows that if the center of gravity is moved aft 
(s is decreased), the required decrease in the right side of the 
equation will probably decrease w and, except for the effect of the 
change of w and the requirements of 0; in regard to autorotation, 
sin? 62 cos 6z, will change 62 away from 54.8 deg. 

Equilibrium in a spin depends of course not only on the equi- 
librium of Equations [9] and [10], but also on the presence of an 
autorotative force on the wing sufficient to overcome the moments 
in Equation [11] plus the damping moments of the fuselage and 
vertical fin areas. For this reason 0; is not controlled so much by 
the value of s as it is by the requirements for autorotative couples. 

Effect of Wing Loading. From a consideration of lift coeffi- 
cients an increase in W will normally increase the sinking speed 
and w provided no change in s or any of the radii of gyration ac- 
companies the change in W. 

Effect of Vertical Location of Center of Gravity. If the center 
of gravity is raised, t becomes smaller by an amount equal to the 
rise in the c. of g. X sing. This, in turn, must reduce the right- 
hand side of Equation [10] which means a reduction in either 
w, Oy, or Oz. A decrease in either w or 6: might be sufficient to 
make an uncontrolled spin controllable, the amount of the effect 
depending mainly on the value of ¢ which in turn is determined 
by the amount of skid in the spin. If ¢ is negative, i.e., there is 
inward slip, raising the c.g. would have the opposite effect. 

Effect of Longitudinal Distribution of Mass. Increased longi- 
tudinal distribution which increases p, and p,, directly increases 
the right-hand side of Equation [9]. This requires either an in- 
crease in s (c.p. must move aft, requiring increase in 6, as the 
center of gravity is assumed fixed), a decrease in w, or a change 
in 62 away from 54.8 deg. If the effect is on 62, note that the 
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spin may become either more flat or less flat. The right-hand 
side of Equation [10] tends to decrease very slightly with in- 
creased longitudinal distribution, inasmuch as increased longi- 
tudinal distribution increases py more than p. (p: assumed greater 
than p,). It should be noted in passing that most spin experi- 
ments, in which it has been assumed that the addition of useful 
load aft of the center of gravity increased the longitudinal dis- 
tribution actually do not have increased longitudinal distribution. 
That is p, and p. do not increase. In Appendix 2 it is shown that 
the radius of gyration of a mass with additional weight is less 
than the original radius of gyration unless the weight is added 
at a distance from the center of gravity slightly greater than the 
original radius of gyration. It has been shown’ that py and p, 
vary on military airplanes between 4.4 and 5.14 and 5.8 and 7.91, 
respectively. The useful load usually added to an airplane aft 
of the center of gravity is not on the average as far back as these 
radii of gyration. As useful load was added,® therefore, to move 
the center of gravity aft, no increase in longitudinal distribution 
really occurred, and in consequence, no effect should have been 
expected. The amount that p, and p: can be increased by adding 
loads in the nose and tail of the fuselage is probably not great 
enough to profoundly affect either Equation [9] or [10]. For 
instance, one test was made® with 555 lb in the nose and 450 lb 
in the tail, increasing J, and J, 800 slug-feet squared. The ap- 
proximate average lever arm of these added weights was 

800 X 32.2 

450 + 555 
were probably not less than 5.06. Therefore, no real increase in 
distribution accompanied the addition of these loads. 

Effect of Lateral Distribution of Mass. A change in distribu- 
tion of weight along the lateral axis changes p: and p:. An in- 
crease in lateral distribution increases pz more than pz (p: as- 
sumed greater than p:). This affects Equation [9] by decreasing 
both (p.2 — pz*) and (p,? — pz”). To maintain equilibrium, 
s must decrease (c.p. goes forward, requiring a decrease of 6:), 
w must increase or 6. must change toward 54.8 deg. The right 
side of Equation [10] tends to increase with increased lateral 
distribution, requiring either an increase in ¢ or a decrease in w, 
6,, or 0c. An examination of Equation [11] shows that any 
change, which increases M,, decreases M;, or decreases @:, 
will decrease the damping moment D. Reducing this damping 
couple would either speed up the spin or at least require more ad- 
ditional damping for recovery. My, is probably more affected 
by lateral distribution which increases p, without changing py. 
The effect of this on Equation [10] is either greatly to increase { 
and therefore M, or to produce changes in w, 6, or 6, to prevent 
t from increasing so much. The effect of lateral distribution on 
Equation [9] probably being small due to compensating changes 
in the other variables, the increase in M, is probably not ac- 
companied by an increase in Mz, and therefore a reduction in 
damping moment is probable with increased lateral distribution. 


= 5.06 ft. Before this load was added, p, and p:, 


TABLE 2 


Airplane w 


1 
1 
2 
2 


Or 
20° 
° 


55° 


1 
5 
1 
1 30° 


3. 
2. 
3. 
2. 


The gross weights and values of 6, and 6’, in the tests® being 
unknown, it is not possible to apply these formulas® with any 
degree of accuracy. The main point to be seen is that the 
existence of two possible positions of spin for every center of 
gravity location accounts for the possibility of the two airplanes’ 


5 “*Moments of Inertia of Several Airplanes,” N.A.C.A. Tech- 
nical Note No. 375. 


‘Airplane Tail-Spins Analyzed,” by Harry A. Sutton, S.A.Z. 


Journal, November, 1930. 


TRANSACTIONS 
bs 
42297 
> 
— 
{ 
\ 3 
F; = 
0.17 ? 


AERONAUTICAL ENGINEERING 


behaving so differently as the center of gravity moved aft. 
The data on these two airplanes is given in Table 2. 

A series of spins was made’ in which weight, center-of-gravity 
location, and distribution were varied as independently as pos- 
sible. Added weight on center of gravity without changing 
moments of inertia or balance finally produced a flat (uncon- 
trolled) spin. This is to be expected from a standpoint of in- 
creased wing loading alone. However, as the weight increases 
without increasing the moment of inertia, p*, p,?, and pz* vary 
inversely as the weight. Therefore in Equation [9], with s con- 
stant, increasing weight decreases p:, py, and pz, requiring an 
increase in w or a change in 6. toward 54.8 deg, probably both. 
The tests with varying ¢.g. position (40 per cent to 26 per cent) 
all showed uncontrolled spins, thereby checking Equation [9], 
which indicates that, as long as the wing will furnish autorotative 
couples, equilibrium can be reached in a spin over a wide range 
of center-of-gravity positions. In this series of tests decalage 
and washout of considerable amount were found to eliminate 
the uncontrolled spin. This is a difficult case to try to explain. 
The first effect one would expect from a washout would be to in- 
crease the forward inclination of the resultant force on the outer 
wing tip with a lesser effect on the inner tip. This should speed 
up rotation which was found to be the case.’ This being so and 
the c.g. being constant, Equation [9] indicates that 6. must 
change away from 54.8 deg to compensate for the increase in w. 
Apparently @: moved away from 54.8 deg by decreasing to such 
an angle that the horizontal tail was no longer stalled. On 
some other airplane, especially if it already spun at 6. greater 
than 54.8 deg, the change in 6. due to adding washout might be 
to increase 0. which would be of no help. 

It is stated’ also that as much as 80 per cent increase in horizon- 
tal tail area hastened recovery but did not eliminate the uncon- 
trolled spin. So far as Equation [9] is concerned, increasing the 
horizontal tail area is mainly an increase in s (combined c.p. of 
stalled wing and tail moves aft with larger tail). Increasing s 
should ordinarily decrease 0: and increase w, and such a change 
in 6: would usually mean a hastening of the return of control in 
recovery fromaspin. (All that is necessary to regain control is a 
reduction of @: sufficient to eliminate the stalling of the horizontal 
tail.) However, the increase in w should delay reduction in @:, 
so one can really take his choice. For instance, in the case of 
airplane No. 2 with the c.g. aft,® 6. was 30 deg (see Table 2) and 
recovery was difficult. It was not stated® however whether the 
difficulty was due to high stick forces to be overcome by the pilot 
or merely to the longer time required to regain control. 

Our own observations on the negligible benefit of increased fin 
area also have been checked.’ 

Causes of Autorotation. Airplane designers have been censured 
at different times for not using the wind tunnel to determine the 
cure of the spin trouble. On the other hand, the airplane designer 
can justify himself for not so doing by pointing out that, for ex- 
ample, although the wind tunnel proclaimed that monoplanes 
would not flat-spin, nevertheless they do. It seems to me that 
this false conclusion was due to the conditions under which air- 
foils are tested in spinning being so far from the conditions in a 
spin. Nearly all tests in spinning of airfoils and the criteria 
for autorotation derived from them are made with the spin axis 
a rigid body capable of taking bending moment and shear. 
Equations® for the forces on an airfoil spinning around a fixed 
axis have been applied to the problem, and some of these equa- 
tions are for forces which tend to bend the spinning axis. How- 
ever, the spinning axis of an airplane cannot take bending mo- 


7 “Spinning Experiments,’ by Paul E. Hovgard, S.A.E. Journal, 
November, 1930. 
8‘*Wind Tunnel Tests on Autorotation and the Flat Spin,” by 


Montgomery Knight. N.A.C.A. Report No. 273. . 
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ments except those that are absorbed by the flattening couple 
due to inertia. Therefore, when an airplane spins it must spin 
about such an axis that the bending moments in the axis are 
equal to the flattening couples due to inertia. Furthermore, 
there can be no shear in the spinning axis, that is, the resultant 
air force must be exactly equal to and opposed to the resultant 
force due to the weight and centrifugal force. If the equations 
are written for the spinning tendency of an airplane around an 
axis in which there is no bending moment, it will be found that 
the only cause of autorotation is the variation along the span of 
the slope o of the resultant force, i.e., variation in chord com- 
ponent. The variation along the span of the amount of the 
resultant force merely shifts the axis of rotation along the span. 

This is discussed mathematically in Appendix 3. Equation 
[11] of Appendix 1 is really a statement of the autorotative 
couples with o assumed constant and shows that when the center 
of rotation is in the position normally obtained in an airplane 
spin this so-called autorotative couple with ¢ constant is usually 
negative. In other words, it tends to dampen rotation. 

The reason that high-lift airfoils spin more viciously than the 
thin airfoils is that o varies farthest from 0 just prior to the stall 
and is greater as the lift before stall increases. Fig. 17 of Knight’s 
report’ shows this difference. 

The shape of the normal force curve of the airfoil does have 
an effect on the spin in another indirect manner. If the normal 
force becomes much smaller at high angles of attack, as it does for 
instance on a biplane without stagger, the sinking speed and 
therefore the rotational speed in a spin will increase at high angles 
of attack. This will in turn possibly produce flatter or more un- 
controlled spins. The pilot’s observation that increasing stagger 
makes spins more controlled is therefore strictly in accord with 
theory—not the theory that the shape of the normal force curve 
determines autorotative couples, but with the theory that the 
shape of the normal force curve determines sinking speed. 

There is an item that may have some effett on a pilot’s ob- 
servations which, as far as is known, has not been discussed. 
This is the effect of altitude on a spin. Since sinking speed, and 
therefore rotational speed, increase with increasing wing load and 
with decreasing density, spins at high altitudes will be faster, and 
in consequence possibly less controlled, than spins at low alti- 
tudes, all other conditions being equal. It is conceivable then 
that a spin might be entered at 10,000 ft from which recovery 
could not be made at that altitude but, as the altitude decreased 
and denser air was encountered, the spin would slow down, pro- 
ducing changes in attitude, which finally would permit recovery. 


CoNCLUSIONS 


It is difficult to draw conclusions from the limited observations 
given, but apparently the following are indicated: 

1 Wing loading is one of the major factors in uncontrolled 
spins. . 
2 The stalling of the horizontal tail surfaces is the distinguish- 
ing factor in uncontrolled spins. 

3 For speedy recovery from uncontrolled spins the largest 
possible controlled variability in vertical fin areas is desired. 
This means a large rudder of high angular throw and a small fin. 
Unfortunately this combination also hastens entry into a spin. 

4 If sufficient fin area, in connection with a small rudder, to 
prevent entry into a spin is provided, recovery from any spin pro- 
duced by accidental circumstances would probably be impossible. 

5 Center-of-gravity location is a secondary factor, being of 
more importance with lighter wing loadings. 

6 An autorotative couple is necessary both for starting a spin 
and for its continuance, there being damping couples due not 
only to vertical fin areas but also to the lift force. 

7 The shape of the normal force-coefficient curve of the cellule 
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is not a majcr factor in producing an autorotative couple, be- 
cause of the tendency of the spin axis to shift and thereby elimi- 
nate the couple thus set up. 

8 The major source of autorotative couples is the variation 
in slope of the resultant air force relative to the normal to the 
wing chord at varying angles of attack. Since this variation is 
greater on high-lift airfoils than on low-lift airfoils, the former 
have greater autorotative couples at higher mean angles of at- 
tack. 

9 The shape of the normal force-coefficient curve has a sec- 
ondary effect on spinning in that, if the normal force coefficient 
decreases at higher angles of attack, the sinking speed and there- 
fore rotational speed in a spin increase. 

10 It is possible to recover from a spin at low altitude from 
which it might be impossible to recover at high altitude. 

11 There are two possible positions of equilibrium in a spin 
for every center-of-gravity position and either of these spins 
may be obtained if the wing will furnish the required autorotative 
couples in the two positions. 

12 With accurate observations on the spin of a given airplane, 
mathematics may indicate the most promising changes in the air- 
plane to favorably alter the spinning characteristics. 

13. The effects of center-of-gravity location and longitudinal 
distribution that have been noted in most spinning experiments 
have been primarily due to increased wing loading, the change 
in center-of-gravity position usually being accomplished by ad- 
ditional load aft. The change in radius of gyration due to these 
added weights has usually been negligible in that the moment 
of inertia has not increased faster than the weight. 


Appendix 1 


PART 1—DERIVATION OF EQUATIONS FOR THE COUPLES 
DUE TO INERTIA TENDING TO CHANGE THE POSITION 
OF AN ALRPLANE IN A SPIN (SEE FIG. 4) 


Fic. 4 INERTIA OF ForcEs IN A SPIN 


= angle between spin axis and X-X axis 
= angle of bank viewed parallel with X-X axis 
y, 2, be coordinates of any particle referred to X-X, 
Y-Y, and Z-Z axes. 
small particle in airplane 


= M = 


mass of airplane = ri 


= distance of c.g. from spin axis in side view oo 


distance of c.g. from spin axis in rear view _ 
true radius of particle dm = Vr? + r,? 
angular velocity of rotation of airplane about spin 


axis 
centrifugal force on dm = sete 7 + 


w?rdm 


w? rz dm 


fu = 


Moment arm of f; around origin (¢.g.) in side view = k 
Moment arm of f, around origin (c.g.) in rear view = h 
h = y sin 6, + z cos 6, 
= 20s + hsin 0. = x cos + y sin 62 sin 
= R, + y cos 6, —zsin 0, 
= Rz + xsin 6: —h cos 4: 


component of f parallel to r, f = w? ry dm 
r 


73 


Tz = R. + xsin 0: — y cos 6z sin 0, — z cos 6: cos 0,. [2] 
Let dM, 


moment of f; about origin in side view 


dM, = frk = dmrzk 


since the origin is the c.g. of the airplane 


Srdm, Jydm, and fzdm, all = 0 


Assuming that axes X-X, Y-Y,and Z-Z are the principal axes of 
inertia (the error is very small®) 


S xydm, JS xzdm, and S yzdm, all = 0 
Substituting values [1] and [2] of k andr. in [3] and integrating 
gives 
Mz = w* sin 6: cos 62 [f-x? dm — sin? 6, dm 
— cos 
Ts S (x? + y?) dm = S x*dm + S ydm 
Iz S + 


Solving 


Iy— z 


Substituting the above in [4] we get 
= w’ sin 6: cos 6: — Iz) cos? 6, + (I, —Iz) sin? 
Similarly 
dM, = fyh + fz cos 62 (y cos 0, — z sin 6y) 
This integrates to 


M, = w’ sin 6, cos 6, (Iz — Iy) sin? 6. 


M, is the couple due to inertia tending to flatten the spin later- 
ally. It is opposed by the moment between the weight of the 
airplane and the lateral shift in c.p. of lift on the entire airplane 
together with other moments due to vertical distribution of fin 
area. Mathematics is at present unable to cope with either of 
these factors. M: is opposed mainly by the couple between the 
weight of the airplane and the center of lift. 


PART 2—APPROXIMATE STATEMENT OF THE AIR 
FORCES IN A SPIN OPPOSING THE FORCES DUE TO 
WEIGHT AND INERTIA (SEE FIG. 5) 


When a wing is stalled the air force is very nearly normal to the 
wing regardless of angle of attack. We may assume, therefore, 
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component of f parallel t 

| 

‘ 

Wes 

Rs 

R, 

r 


with little error, that both the air force and the opposing resultant 
of W, and centrifugal force F: are normal to the X-X axis. — 


Ww 
tan 62 = — 


The resultant air forces are not perpendicular to the Y-Y 
7 axis however due to the cross wind forces on the side of the fusel- 


Ta 
: 
/ 
SPIN AXIS 


TRUE RESULTANT AIR 
FORCE ON AIRPLANE 


SIDE FORCE DUE TO 
YAW OF FIN AREAS 


Fic. 5 or Forces In A SPIN 


age, landing gear, and vertical tail surfaces. This variation in 
angle from the perpendicular to the axis Y-Y will be called ¢ 
and = 06’, 


F, sin 6. 
Ww 
W 
— w*R, 
g 
z 
gW 
g tan 
w* sin Oz 


Ws 
sin Oz 


Referring to Fig. 4, the couple opposing M; is 


s = longitudinal distance from c.g. to c.p. of all lift forces 


Equating to [5] 


W 
Mz = w* sin 6: cos — Iz) cos? 6, + — Iz) 


M; sin Oe 


W 


I, he I, 
w* sin? 6; cos | — cos? + 


- Similarly the couple opposing M, is 
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2 
8 = — sin® 6, cos 6: [(p:? — pz") cos? 6, + (py? — pz?) 


g 


Wt cos 
sin cos 
t = lateral distance from c.g. to c.p. of all lift forces mea- 
sured parallel to lateral axis 
Equating to [6] 

Wt cos ¢ 


M, = w? sin Oy COS Oy sin? (Iz — Ly) 
sin 62 cos 0’y 


M, sin 6: cos 
W cos ¢ 


w* sin 6, cos 6, cos 6’, sin® 


g cos 


Taking moments about the c.g. in the plan view there is an 
unbalanced moment D tending to stop rotation. 


cos 6’, cos 6: cos 6y 
(l + 
cos @ 


D = F, (s sin — t sin 0, cos 0:) — Fz t cos 


which reduces to 


D = M: sin 6, tan M, 


_ where M:z and M, are the moments given by Equations [5] and — 

— 

Appendix 2. 


CHANGE IN RADIUS OF GYRATION OF A BODY DUE TO 
ADDED WEIGHT (SEE FIG. 6) 


45 


Fic.6 Errect or AppED WEIGHT ON INERTIA 


Let M = original mass 
I = moment of inertia of M 
% p = radius of gyration of M 
_ m = KM = added mass at distance x from original c.g. 


Assume moment of inertia of m about its own c.g. is negligible 
I’ = moment of inertia of M +m 


radius of gyration of M + m » 
mx Kz 
= 
I’ =I + My? +m y)? 
MK?2x? 
M 2 = My? 
MK?zx? KMz? 
 M(1 + K) = Mp? 
Kz? 


+ 


1+K 
1+K 


. 
Wg 
tan = ——— 
Re 
9 
tan 
_ 
i 
tan | 
$d 
if 


— Letting q = p and solving for z 
z=pV1It+kK 


f When z < p V1+K the new radius of gyration is less than 
the old. 


Appendix 3 


_— EFFECT ON A SPIN OF THE INABILITY OF THE SPIN 
AXIS TO TAKE BENDING MOMENT (SEE FIG. 7) 


_ Fig. 6 and Equations [12] and [13] below are lifted bodily from 
the appendix of Knight’s report* with slight changes, however, 
in the symbols to agree with those used in Appendixes 1 and 2 of 
this paper. 
+ S/2 
Cay sec? 5 dy 


+ S/2 


Cry sec? 6 dy 
— S/2 


= coefficient of autorotation ; 
= coefficient of bending in spin axis 
= span of airplane 


* 


< 
= 
o 


G 


If the spin axis cannot take bending, Equation [13] becomes 
C. =0. This is accomplished physically by the spin axis shifting 
off the center of the wing an amount e so that [13] becomes 


1 + S/2—e 
f sec? dy = 0 


But Cr = Cy cot (6: — c) 
Therefore if o is constant, Equation [12] becomes 
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Cry sec? 5 dy 


1 + S/2—e 
Ce cot 


Ce Co cot (Ox 


Therefore, when C, = 0 (the spin axis takes no bending) Ca 
differs from 0 only if o is not constant. Therefore Ca does not 
exist by virtue of the shape of the resultant force-coefficient curve 
of the airfoil. It follows then that variation in o is the major — 


source of autorotation, not variation of Cr. -. we 


ALEXANDER Kiemin.’ I think the following points are worthy = 
of consideration. 

It is quite clear that moving the c.g. forward diminished the 
number of turns for recovery. Is this due to greater diving 
beyond the stall? If so, it may be supposed that the stabilizer 
setting remained the same when the c.g. was changed. 

In discussing the effect of wing loading, would it be proper to 
point out that the increase in wing loading at a given angle of 
incidence increases the vertical velocity and hence the centrifugal 


QR 


force? From this it follows that at same \ = T° 


The © increases, while R diminishes, so that heavier loading 
means a faster, tighter spin and hence greater difficulty of re- 
covery. 

In varying the fin aspect ratio, might not both fin and rudder 
have been blanketed by the stabilizer, so that the increasing 
aspect ratio did not help? 

In discussing the “Effect of Varying Fin Area” the author | 
states that “the airplane would rotate around the fin.” The 
writer does not follow the argument here. Perhaps this thought 
could be expanded farther. 7 


AvuTHOR’s CLOSURE 


aa Spins were made with stabilizer in all settings with apparently 


very little change. q 
Usually the spins were made with stabilizer set for cruising. 

The effect of wing loading is discussed early in the paper under 
that heading and also indirectly in conclusion 9. : 
Blanketing of tail has been covered in footnote 3. With con- _ 

stant fin area, the directional stability at small angles of yaw was 
the same regardless of fin-aspect ratio but with low fin-aspect 
ratios this stability was maintained to higher angles of yaw, there 
being a distinct feeling of stall of the fin when the directional 
stability became negative. This was long before anything like a 
spin was approached. 


® Professor of Aeronautical Engineering, New York University, 
New York, N. Y. Mem. A.S.M.E. 


ny 4 
4: 

| 

G 

/ 

Fic. 7 Wine ELEMENT IN AUTOROTATION 
— 
ia 

ie 


teristics 


FSP-56-6 


of Pulverized Coals 


and the R: Radiation From Their Flames 


This paper deals with a laboratory investigation of 
Hocking, Pocahontas, Illinois No. 6, and Pittsburgh No. 8 
coals to determine the relation of the rate of burning of 
pulverized fuels and of the radiation from their flames, 
to the type of coal and the fineness of pulverization. 
The principal conclusions drawn from the results of this 
investigation are: That fineness of grinding becomes in- 
creasingly important as the combustion space is restricted ; 
that the type of coal influences the rate of combustion; 
that increased furnace temperature increases the rate of 
combustion; and that, although the temperature and 
total radiation of the flame are affected by fineness of 
grinding, excess air, and rate of firing, the emissivity of 
the flame at any position is affected to a marked degree 
only by the type of coal. 


OR some time, the Battelle Memorial Institute has con- 

ducted an experimental investigation of the combustion 

of pulverized fuels in a large-scale laboratory apparatus. 
The object of this investigation was to determine the relation 
of the rate of burning of pulverized fuels and of the radiation 
from their flames to the type of fuel and the fineness of pulveriza- 
tion. 

A previous paper*® discussed the work of other investigators, 
described in detail the apparatus and the methods of testing, 
and presented data on the progress of combustion and the 
amount of carbon remaining unburned at various points in the 
flame when burning Ohio No. 6 or Hocking and Pocahontas 
No. 3 coals and some semi-cokes made from Hocking coal. The 
conclusions presented in that paper were: 

1 The primary product that appears in the combustion of 
fuel in pulverized form is COy. With ratios of air to coal equal 
to or greater than required, CO appeared only in small amounts 
in the initial carbonization of the coal. CO found in industrial 
furnaces burning pulverized fuel is undoubtedly formed in the 
stream of coal and primary air which is generally much less 
than the amount required for complete combustion; the CO 
once formed may persist for a considerable distance of flame travel 
because of slow mixing with secondary air. 

2 With Hocking coal at 8.5 or 10.5 ft from the burner, the 
unburned carbon loss did not decrease with increase of excess air 
above 20 per cent. 

3 No one numerical value that fully expresses the fine- 
ness of pulverized fuel with significance in regard to its com- 
bustion characteristics was found. The specific surface did not 


1 Fuel Engineer, Battelle Memorial Institute, Columbus, Ohio. 
Mem. A.S.M.E. Mr. Sherman is a graduate of the University of 
Iowa. For ten years he was associated with the U. S. Bureau of 
Mines, Fuel Section, at Pittsburgh. Since 1930 he has been with the 
Battelle Memorial Institute in his present capacity and is in charge 
of the research work on the combustion of fuels. 

2 R. A. Sherman, Proc. Third Int. Conf. on Bituminous Coal, 1931, 
vol. II, p. 510. 

Contributed by the Fuels Division and presented at the Annual 
Meeting, New York, N. Y., December 4 to 8, 1933, of Taz AMERICAN 
Society or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 


RALPH A. SHERMAN,! COLUMBUS, OHIO 


A & 


appear to have greater general significance than the percent- 
age passing 200-mesh. For equal percentages passing 200- 
mesh the amount retained on 100-mesh was markedly 
significant. Pulverized-fuel-equipment manufacturers would un- 
doubtedly do well to develop equipment that would deliver a 
uniformly sized product rather than one of extreme fineness. 

4 The rates of combustion and percentages of unburned 
carbon varied greatly with the type of fuel. The loss in un- 
burned carbon was greater for Pocahontas than Hocking coal 
at equal percentages through 200-mesh and other conditions 
equal, although the “‘superfines” and specific surface were much 
greater for the Pocahontas coal. A wide enough range of fuels 
has not yet been covered to develop a relation between the 
burning characteristics and other known properties of the 
fuels. 

5 Semi-cokes having contents of volatile matter as low as 
12.8 per cent burned satisfactorily as pulverized fuel, although 
their carbon loss was higher for similar conditions than that of 
the coal from which they were made. 

6 Pulverized fuels were burned in the test furnace at rates 
of heat liberation equal to those of industrial furnaces. The 
unburned carbon losses after only 10.5 ft of flame travel and 
with a burning time of approximately 0.3 sec were equal to 
those attained with longer flame travel in industrial furnaces. 
This was attained with a simple burner which admitted all the 
air with the coal and with no attempt at turbulence. If this 
principle were extended to burners of high capacity, it would not 
work as well, inasmuch as conditions would not be as favorable 
for ignition of the fuel, because the volume of the cone of fuel 
would increase so much more rapidly than the surface. Divi- 
sion of the coal and air among a large number of small burners 
would offer certain mechanical difficulties, as (1) the uniform 
distribution of coal and air among a number of burners, par- 
ticularly in a direct-fired unit, (2) the increased power con- 
sumption for blowing air through small ducts with the coal, 
and (3) the increased difficulties in the use of preheated air. 


Score or PAPER 


The present paper includes further work that has been done 
on the Hocking and Pocahontas coals and on Illinois No. 6 and 
Pittsburgh No. 8 coals. Data are presented on the following four 
relationships: 

1 Excess air to combustion of Hocking and Pocahontas coals. 

2 Fineness of grinding to combustion of the four coals. 

3 Rate of firing and furnace temperature to completeness of 
combustion. 

4 Radiation and emissivity of flames to excess air, fineness and 
rate of firing for the four coals. 


APPARATUS AND METHODS 
The testing apparatus included a drier, conical ball mill, 
air classifier, storage and weighing bins, screw feeder, fan, 
burner, furnace and equipment for sampling gases and solids 
and for the measurement of temperature of the gases and their 
radiation. As the apparatus and methods, except for the 
radiation work, were described in detail in the previous paper, 


they will not be repeated a 
Ge 


be 
~ 
i 
7 
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For convenient reference, however, Fig. 1 shows details of 
a the furnace and burner. The furnace was tightly sealed and 
all the air used for combustion was supplied through the burner 
_ with the coal. The purpose was to study the combustion in a 
stream of coal and air of uniform mixture and samples were taken 
on the center line of the furnace as the closest approximation to 
_ the desired ideal. The apparatus and methods for the deter- 
_ mination of the radiation from the flame are described later. 


CHARACTERISTICS OF COALS 


Table 1 gives the source, proximate and ultimate analyses, 
_ calorific value, softening temperature of ash and true specific 
_ gravity of the coals burned. The analyses are on the basis of 


Fig. 1 Derratts or FuRNACE AND BURNER 

typical moisture as fired. The Illinois coal was furnished by the 
Union Collieries Co., through the courtesy of E. H. Tenney, 
chief engineer of power plants, Union Electric Light & Power 
Co., St. Louis, Mo. 

Table 2 gives typical size characteristics of the pulverized 
coals as determined by screen tests and by microscopic counting. 
The pulverizing equipment, ball mill and classifier, gave a lower 
percentage of coarse particles, +30 or 50-mesh sieve, than is 
frequently obtained in industrial practise. Thus, with 75 per 
cent or more passing the 200-mesh sieve, not over 0.2 per cent 
remained on the 50-mesh sieve. The importance of the elimi- 
nation of the coarse sizes was shown by data given in the earlier 
paper. 


TABLE 1 CHARACTERISTICS OF COALS 


Ohio No.6 Pocahontas Illinois 
Hocking No. 3 No. 6 


Coal Pittsburgh 
No. 8 
Source 
State i West Virginia [Illinois 
County Mercer Jackson 
Mine Lick Louisville Kathleen 
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Volatile matter 
Carbon 


Ohio 
Belmont 
Blaine 


oS 


[zee 
| 


Ow mos 

| 
> 

oo 


| 


8 
8 
8 


O 
Ome 


Ol 


value, Btu 


Kd temp. of ash, F 
oe specific gravity 


238 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


TABLE 2 SIZE CHARACTERISTICS OF COAL 


Cumulative oversize, 


per cent 
U.S.8. 
sieve 
no. 30 50 100 
Size 
open- 
ing, 


mm 0.590 0.074 


Hocking 


cone 


Pittsburgh No. 8 
2.2 


coow 


The size characteristics of the three high-volatile coals were 
similar but the Pocahontas coal was marked, not only by the 
greater fineness shown by the smaller average diameter or 
greater specific surface, but also by the larger percentage of the 
coarse sizes. 


Discussion oF ComMBUSTION 


Excess Air and Unburned Carbon. Fig. 2 shows the relation 
of the percentage of carbon remaining unburned at 8.5 and 


. HOCKING 10S 
1 I 
2s 30 35 #0 


EXCESS Alle, PER CENT 


Fic. 2 RELATION oF UNBURNED CARBON TO Excess AIR, 
HocKING AND PocaHONTAS COALS 


(Through 200-mesh, 80 per cent; rate of heat ings ut 2,650,000—2,800,000 
Btu per hr. Figures on curves are distances from burner in ft.) 


10.5 ft from the burners to the percentage of excess air when 
burning Hocking and Pocahontas coals; the data for the Hock- 
ing coal are set forth in Fig. 17 of the previous report. The 
unburned carbon continued to decrease up to 30 per cent excess 
air with the Pocahontas coal, whereas the curves for the Hocking 
coal were practically flat beyond 20 per cent. 

Fineness of Grinding and Unburned Carbon. Figs. 3 to 6 
show the relation of the percentage of carbon unburned at 
various points in the flame to the percentage of the coal passing 
the 200-mesh sieve for the four coals when burned at similar 
rates of heat input and with 20 per cent excess air. The per- 
centage through 200-mesh is used as a basis for plotting for, 
as stated above in conclusion 3 from the previous paper, no 
better basis _ been found. — data for the Hocking coal 


| Surface 
in —200 

per’ diam, face, per’ rey” 
» cent mm  cm?/gm cent 

. pa & « 
032-1325 93.4 
039 «1155 85.6 
j 025 1800 92.6 

= O22 «1088 

7) 

{x 

LOSS 

ol 

- 

Carbon 

Hydrogen 

Oxygen 

Nitrogen 

2'630 2'250 1,985 

1.33 1.46 1.40 


are based on coal of the fineness characteristics given in Table 
2. The unburned carbon for coal of 70 per cent or more through 
200-mesh sieve is, therefore, less than that shown in Fig. 15 of the 
first paper. 

The curves show the great importance of fineness of pul- 
-verization as the combustion space is restricted. An exception, 
however, was the Pocahontas coal at 4.5 ft from the burner where 
-inereased fineness apparently did not decrease the amount of 
unburned carbon. 

Although they do not break sharply, the curves for 10.5 ft 
from the burner tend to become flat and indicate approxi- 
mately the limit beyond which increased fineness results in 


(Excess air 20 per cent; rate of heat input 2,650,000 Btu per hr. Figures 
on curves are distances from burner in ft.) 
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little decrease in unburned carbon. These limits are approxi- 
mately 70 per cent for Hocking, 85 per cent for Pocahontas, 
75 per cent for Illinois, and 65 per cent for Pittsburgh coal. 
Obviously, for a particular installation the optimum fineness of 
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pulverization must be determined by an economic balance 
between the decrease in the loss in unburned carbon and the 
increased power for finer pulverization. No power-consumption 
data were taken in this investigation. 

Relation of Type of Coal to Unburned Carbon. Figs. 3 to 6 
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also indicate the relative rates of combustion of the four coals 
but Fig. 7, in which the unburned carbon and temperature 
are plotted against the burning time, shows the relation more 
clearly. The times were calculated from the velocity readings 
taken with a water-cooled pitot tube on the center line of the 
furnace. Although only approximate, they afford better com- 
parisons than distance only. 

The curves for the Hocking and Pittsburgh coals are prac- 
tically coincident. They burned much more rapidly than the 
other two coals and Pocahontas coal burned much the slowest 
of the four. The temperature curves show similarly the differ- 
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ence in the rates of burning. The temperature at the first 
_ position was lowest for the Pocahontas coal and it increased 
most slowly. The greatest difference in the final temperature 
was about 100 F. It was highest for the Pocahontas coal and 
lowest for the Illinois coal. 

_ That Pocahontas and other coals of similarly low content of 
volatile matter burn more slowly in pulverized form than coals 
of higher volatile content is well known. An obvious explana- 
tion is the fact that, because less carbon is distilled in gaseous 
hydrocarbons, more must be burned as solid carbon which burns 
less rapidly than the gas. 

_ However, these data show that the rate of burning is not 
directly proportional to the content of volatile matter. The 
Illinois coal burned more slowly than the Hocking coal, al- 
though their volatile contents were practically the same on 
the moisture- and ash-free basis. Pittsburgh coal burned 

q only slightly more rapidly than Hocking coal, although their 
volatile contents on the moisture- and ash-free basis were 44 and 
3 40 per cent, respectively. 

The ash content, oxygen content, quality of volatile matter, 
and probably other factors undoubtedly control the rate of 
burning as well as volatile matter content and many coals 
would have to be investigated before even an approximate rela- 
tion were found between the rates of burning and the com- 
position of the coals. Godbert* found that a reactivity index 
was closely related to the burning time. It is also considered 
possible that the ignition temperature of the coal may be an 
important factor if it were determined under conditions of 
actual suspension of the coal in an air stream. The initial 
rate of combustion is so rapid that a small gain in time by earlier 
ignition would make a great difference in the rate of combustion 
as measured from the time of entrance of the coal into the 
furnace. 

Relation of Rate of Combustion to Furnace Temperature. Griffin, 

_ Adams, and Smith‘ in a series of small-scale experiments on the 
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burning of individual particles of fuel found, among other 
results, that the burning time increased with increase of tempera- 
ture. 

An explanation of this surprising result has been proposed 


3 A. L. Godbert, Fuel, vol. 9, 1930, p. 57. 
‘H. K. Griffin, J. R. Adams, and D. F. Smith, Ind. Eng. Chem., 


vol. 21, 1929, p. 808, 
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by Burke and Schumann’ as due to the fact that the mass of 
oxygen per unit volume of the film surrounding the particle de- 
creases with increase of temperature. 

The possible change in the temperature of the large-scale 
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furnace was not large. It could be obtained in two ways: 
(1) by taking data at varying intervals from initial lighting of 
the furnace and (2) by change in the rate of firing. 

Figs. 8, 9, and 10 show, respectively, for Hocking, Pocahontas, 
and Illinois coals, the relation of the unburned carbon to the 
burning time with varying furnace temperature. The different 
temperatures were obtained by taking observations at 2, 5, and 
7 hours after lighting the furnace. The increase in the maxi- 
mum temperature with increase in time from lighting the furnace 
was about 200 F with each coal. As the temperature of the gases 
increased, their velocity increased and the time in the furnace 
decreased. 
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Fig. 11 Revation or Rate or BuRNING TO Rate or HEAT 
Input, ILLINoIs 
(Excess air 20 per cent; through 200-mesh, 80 per cent.) 


The actual difference in unburned carbon with difference in 
time was greatest for the Pocahontas coal. The difference de- 
creased with increasing distance from the burner. The general 
similarity of the slope of the three curves for each coal again 
suggests that the principal difference may have been in the 
time of ignition of the 
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hotter with increase in time or increase in rate of firing, the 
ignition occurred earlier. 

A similar change in the temperature of a boiler or other furnace 
would have a similar effect on the rate of ignition; therefore, the 
desirability of maintenance of a hot zone near the burner is 
obvious. However, it cannot be concluded that water-cooled 
boiler-furnace walls will, in general, decrease markedly the overall 
rate of combustion. In large furnaces the flames are so thick 
that, as shown later in this paper, they become practically black 
and the cold wall does not so greatly affect the temperature at the 
burner as it did in the experimental furnace. In small furnaces, 
such as those of Scotch Marine or domestic boilers, the tempera- 
ture of the walls has an important effect on the temperature in 
the flame and, therefore, on the combustion process. 


RADIATION From PULVERIZED Coat FLAMES 


The percentage of the heat liberated in a furnace that is 
transferred to the heat-receiving surface by radiation is an 
important factor in the design of boilers, oil stills, and similar 
equipment, as it determines the desirable relation of the radia- 
tion and convection surfaces. Broido,® Orrok’? and DeBaufre® 
have considered empirical formulas, and Wohlenberg® and co- 
workers, and Haslam and Hottel!® have proposed formulas of 
more fundamental basis for the calculation of the fraction of 
the total heat liberated in the furnace that is radiated to the 
tubes in a boiler or other furnace. Experimental determina- 
tions of the radiation from the flame have been lacking. 
Koessler'! has published the results of the determination of the 
radiation in several types of furnaces. 

Apparatus and methods were developed to measure the radia- 
tion from the flames in the experimental furnace in the hope that 
the results could be interpreted for other furnace conditions and 
that they would serve to determine the validity of the formulas 
that have been set up. 


APPARATUS AND METHOD 


Fig. 12 shows the arrangement of the apparatus used for the 
measurement of the radiation from the flame, which was similar 


coal. As the furnace Z 
becs er near tl 
burner, the ignition oc- 
Al 

curred earlier and this 

again increased the = 
temperature in the 
front part of the fur- 


nace. 
Fig. 11 shows the @ 7 
effect of temperature 

on the rate of burning Fie. 12 

of Illinois coal when 

the change in temperature was effected by change in the rate 
of heat input. The amount of unburned carbon at each posi- 
tion increased with increase in the rate of firing, but, as the 
velocity also increased, these curves show that the burning time 
to a given percentage of unburned carbon decreased with in- 
crease in the rate of firing. 

These results show that in this furnace, and by analogy, un- 
doubtedly, in large boiler furnaces, the burning time decreased 
with increase in furnace temperature rather than increased as 
indicated by the small-scale experiments to which reference was 
made. It will be seen, however, that the greatest difference 
was, in general, in the early part of the flame and the slope of 
the curves for the latter part of the travel was so similar that 
the principal difference may have been the time of ignition of 
the coal. As the walls of the furnace near the burner became 


APPARATUS FOR MEASUREMENT OF RADIATION 
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to that used by Koessler.'' It consisted of a Moll thermopile 
mounted on the end of a water-cooled tube which contained four 
diaphragms to limit the angle of vision. Around the thermopile 
was a water jacket through which the water flowed in series with 
the tube; in this way the cold ends of the thermopile junctions 
and the surface of the tube that the thermopile “saw”’ were at the 


* B. N. Broido, A.S.M.E. Trans., vol. 47, 1925, p. 1123. 
7 Geo. A. Orrok, Ibid., vol. 47, 1925, p. 1148. 7 

8 W. L. DeBaufre, Ibid., vol. 53, 1931, p. 253. 

*W. J. Wohlenberg and D. G. Morrow, A.S.M.E. Trans., vol. 
47, 1925, p. 127; W. J. Wohlenberg and E. L. Lindseth, A.S.M.E. 
Trans., vol. 48, 1926, p. 849; W. J. Wohlenberg and R. L. Anthony, 
A.S.M.E. Trans., vol. 51, 1929, p. 235. 

10 R. T. Haslam and H. C. Hottel, A.S.M.E. Trans., vol. 50, 
1928, p. 443. 

't P. Koessler, Archiv fiir Warmewirtschaft, vol. 11, 1930, p. 229. 
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same temperature and the output was zero independent of 
changes in room or water temperature. 

A water-cooled copper cone served as a limiting cold screen to 
insure that the radiation falling on the surface of the thermo- 
pile was from the flame only. The cone shape was adopted to 
obtain more nearly black conditions by decreasing the possibility 
of reflection from the surface. This limiting screen was adjust- 
able to obtain variable thicknesses of flame. 

The entire assembly was mounted in a plate and refractory 
block and could be changed from one to another of the four ports 
provided in the furnace. 

The water-jacket assembly for the thermopile was hinged so 
that it could be swung back from the end of the tube. The tube 
containing the diaphragms could then be removed and a ther- 
mocouple run into the furnace for the measurement of gas tem- 
perature. 

The output of the thermopile was read on a semi-precision 
potentiometer with external reflecting galvanometer; this could 
be read to one microvolt. 

The thermopile was calibrated with water jacket and water- 
cooled diaphragm tube as a unit. This eliminated the necessity 
of making any calculations for the correction for the angle of 
vision. A graphite cylinder heated in a gas furnace was used 
as a black-body source; a thermocouple on the inside back wall 
of the body measured its temperature. A straight-line calibra- 
tion curve was obtained; the factor was 145 Btu per sq ft per hr 
per microvolt output. 

The thermopile attained full output quickly, but had enough 
lag that it ironed out small fluctuations in the flame radiation. 
Only with violet fluctuations in the flame temperature did the 
galvanometer swing so rapidly as to make accurate readings 


difficult. 
“ AccuRACY OF RESULTS 


The greatest weakness of this work, as it is with most similar 
work, was the measurement of the temperature. The exposed 
thermocouple was subject to gain or loss of heat by radiation, 
but shielded velocity thermocouples, although tried, were 
found, as to be expected, impossible to use with pulverized-coal 
flames because of the accumulation of ash on the wire and 
in the shielding tube. Because the temperature differences in 


this furnace were not great and as it was not indicated that 
any other method would give enough greater accuracy to warrant 
the difficulties of use, the exposed thermocouple was used. 

The radiation from non-luminous flames consists only of the 
radiation from CO, and H,0. The radiation of these gases 
has been calculated and determined by Schack! and Schmidt;'* 
therefore, a comparison of the measured and calculated radia- 
tion from non-luminous flames allows some estimation of the 
order of accuracy of the measurements. 

Table 3'* shows a comparison of the calculated and measured 
radiation from non-luminous natural gas flames in the experi- 
mental furnace. 


TABLE 3 COMPARISON OF CALCULATED AND MEASURED 
RADIATION FROM NON-LUMINOUS NATURAL GAS FLAMES 


Heat 
input 
million, Excess 
Btu air, burner, 
Test perhr per cent ft 
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By chance, two of the measured values agreed exactly with 
those calculated and only one measured value was less than the 
calculated. The other measured values were 2 to 21 per cent 
higher than those calculated. The findings of other investigators 
have been similar. The average difference was 7 per cent. 
For this type of measurement this is considered excellent agree- 
ment. If we assume that the calculated values are correct, the 
probable error in the measurements should be not more than 10 or 
15 per cent. 


12 A. Schack, Zeit fiir Tech. Physik, vol. 5, 1924, p. 266. 

13 E. Schmidt, Forschungsarbeiten auf der Gebiete des Ingenieur- 
wesen, vol. 3, 1932, p. 57. 

14R. A. Sherman, A.S.M.E. Trans., vol. 56, 1934, p. 177. 
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Discussion oF Data 


The data on the radiation from the flames are presented in a 
series of curves. In each figure the temperature of the gases, 
the radiation from the flame, and the emissivity are plotted in 
the lower, middle, and upper parts, respectively, against distance 
from the burner. The temperatures given are the averages of a 
number of readings across the flame and are, therefore, mostly 
lower than those shown in the previous figures which were taken 
only on the axis of the furnace. 

The radiation is that calculated from the thermopile output, 
when 34 or 35 in. of flame were included between the water-cooled 
back plate and the end of the water-cooled diaphragm tube, 
and the calibration constant of the thermopile. The emissivity 
is the ratio of the measured radiation to that of a black body at the 
temperature of the flame. 

Relation of Radiation to Type of Coal. Fig. 13 shows the 
radiation data for the four coals at similar rates of heat input, 
fineness, and excess air. The curves show that the radiation 
from the flame does not reach its maximum in the zone of maxi- 
mum temperature. For example, the maximum temperature 
with the Pocahontas coal was found at 7.5 ft from the burner, 
but the maximum radiation measured was at 3.5 ft from the 
burner. 

The slow-burning Pocahontas coal had the lowest temperature 
and radiation of the four coals, except at 11.5 ft from the burner 
where both the temperature and radiation were not greatly differ- 
ent for the four coals. 

The emissivities of the fast-burning Hocking and Pittsburgh 
coal flames were lower than those of the other two coals at the 
first two positions of measurement. The emissivity of the Illinois 
coal flame was the highest of the four at all positions. However, 
the maximum difference in emissivities at any position was 
only 0.10 to 0.15, or about 30 per cent, and the trend for all coals 
was thesame. The emissivity decreased with increasing distance 
from the burner as the carbon burned out. 

Fig. 14 shows a comparison of the temperature, radiation, 
and emissivity of pulverized Hocking coal, and non-luminous 
and semi- and fully luminous natural gas flames at similar rates 
of heat input and excess air. The luminous natural gas flames 
were obtained by injection of the gas and air in separate streams 
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so that mixing was delayed and the hydrocarbons were cracked 
to give free carbon. The temperature curves of the pulverized- 
coal and non-luminous gas flames were similar, but the tempera- 
ture of the luminous gas flames was low near the burner because of 
slow combustion. 

The radiation and emissivity curves show that, although the 
non-luminous and semi-luminous natural gas flames had much 
lower radiation and emissivity than the pulverized-coal flames, 
yet by a design of burner to give proper cracking natural gas can 
be made to give flames which have as high radiation and emis- 
sivity as pulverized coal. 

Radiation and Excess Air. Figs. 15 and 16 show the tempera- 
ture, radiation, and emissivity of Hocking and Pocahontas coal 
flames with varying excess air. The temperature and radiation 
both increase as the excess of air decreases, as expected, except 
that the temperature and radiation were somewhat higher with 
10 per cent than with no excess air when burning Pocahontas 
coal. 

No great differences in emissivity with differences in excess air 
were found and the curves are somewhat intermingled but the 
emissivities decreased slightly with increase in excess air. 

Radiation and Size of Coal. Figs. 17 and 18 show the relation 
of the radiation to the fineness of grinding for the Illinois and 
Pittsburgh coals, respectively. Although the temperature and 
radiation did not increase uniformly with increasing percent- 
ages through 200-mesh with either coal, they were greatest 
with the finest coal. When burning Illinois coal the change in 
radiation with size of coal was greater than when burning Pitts- 
burgh coal and the emissivity of the Illinois coal flames was 30 to 
40 per cent greater with 85 per cent than with 40 per cent through 
200-mesh, whereas the emissivity changed only slightly with the 
size of the Pittsburgh coal. 

Radiation and Rate of Heat Input. Figs. 19, 20, and 21 show 
the relation of the radiation to the rate of heat input for Hocking, 
Pocahontas, and Illinois coals, respectively. The tempera- 
tures increased with the rate of firing and the radiation increased 
in about the same proportion. Consequently, the emissivity at 
any position varied within small limits and not in any definite 
relation to the rate of firing. As shown in Fig. 13 at one rate of 
firing, the radiation and emissivity of the Illinois coal flames were 
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higher than those of the other two coals at corresponding rates of 
heat input. 

Variation of Radiation With Depth of Flame. As boiler and 
other furnaces may have flame depths up to 20 ft, it is desirable, 
if the data obtained in the test furnace are to be of practical value, 
to be able to calculate the radiation of flames of greater depth. 
The general expression for the relation of the radiation to the 
thickness of the flame is: 


Q — e-*”) 


where Q is the radiation from the flame, Qz is the radiation of a 
black body at the temperature of the flame, e is the base of 
natural logarithms, K is the absorption coefficient, and LZ the 


depth of the flame. 


As = = pr, the emissivity of the flame, 
B 


As the radiation from these flames is that from CO,, H,0, 
and solid carbon and ash particles, the absorption coefficient 
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depends on the partial pressure of the CO, and H,O and on the 
concentration of the solids in the flame. As neither these nor 
the temperature of the gas are uniform across the flame at any 
position, it would not be expected that absorption coefficients, 
K, calculated from the radiation of various depths of flame, would 
be constant. 

Table 4 shows the emissivity pr and absorption coefficient 
K calculated for the four coals burned under similar conditions 
for five flame thicknesses at each of the four points of measure- 
ment. The flame thickness was measured in inches for the 
calculation of K. As expected, K is not constant but the con- 
stancy increases with increasing distance from the burner as 
conditions become more uniform across the flame and, in general, 
the constancy increases with increase in flame thickness. 


TABLE 5 CALCULATED EMISSIVITY OF PULVERIZED ILLINOIS 
COAL FLAME 


Distance 
from burner, Depth of flame, in. 
ft 60 120 1 
0.036 
0.026 
0.016 
0.015 


0.88 
0.79 
0.62 
0.59 


TABLE 4 COMPARATIVE AND ABSORPTION COEFFICIENTS FOR COAL FLAMES 


Coal 
Heat input, 
Btu per hr 
Excess air, per cent 
Fineness, per cent— 
200-mesh coal 
Distance Depth 
from flame, 


Pocahontas 


Hocking 
2,680,000 
2.¢ beads 


0.5 


Illinois Pittsburgh 


= -= 
2,710,000 
20 
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4, 
ay 
then 
1.00 
— 
in. pF in. pF 
Seats 0.254 0293 10 172 0.0189 10 47 : 
28 rt 0408 30 80 0.0380 30 95 
wee A 34 83 34 0.721 0376 35 18 0.0362 35 88 7 
3.5 10 61 10 . 0.246 0283 10 68 0.0182 10 43 
Ni, Sez 16 75 16 0.366 0283 15 60 0.0200 15 47 
at 22 93 22 0.470 0344 20 70 0.0232 20 09 
28 87 28 0.530 0266 30 48 0.0265 30 a4 
16 18 0.214 0150 15 23 0.0168 15 
Pee) OMe 22 45 22 0.253 0134 20 79 0.0164 20 24 : 
28 34 28 0.315 0136 30 82 0.0159 30 11 
34 29 34 0.336 0120 35 35 0.0164 35 08 
10 59 10 0.246 0284 10 53 0.0165 10 92 
5 ieee -_ 16 43 16 0.285 0209 15 09 0.0157 15 95 
re = 22 29 22 0.323 0177 20 60 0.0150 20 04 
28 31 28 0.359 0159 30 53 0.0145 30 
34 20 34 0.380 0141 35 06 0.0150 35 


FUELS AND STEAM POWER 


To be strictly correct, the emissivity at increasing flame 
depths cannot be calculated from values of K so determined. 


Flames, containing the amounts of CO, and H,O that these would, | 
probably ‘reach their maximum radiation in the wave-length 
bands of these gases at less depth than the maximum would be 


reached for the solid particles. Therefore, the solid and gaseous 5 
é radiation should be separated, but it was not considered that the z 
accuracy of the data would warrant the complications. 
Table 5 gives the calculated emissivities for Illinois coal for 
increasing flame thicknesses using K calculated for the maximum > 
depth of measurement from Table 4. For a flame thickness of 
10 ft the flame at 0.5 or 3.5 ft from the burner would be prac- 
tically black and emissivity almost 1, and at 7.5 and 11.5 ft the _ 
: emissivities would be over 0.8. At a flame thickness of 20 : 
ft the flame would be practically black at all distances from the 
burner. 

Although the amount of carbon was small at 11.5 ft from the 
burner, less than 2 per cent, most of the ash was still suspended 
in the gas and this, with the CO, and H,0, gave a high emissivity 
to the flame. 

These data indicate that for flames such as these in large 
furnaces, 15 ft or more of uniform flame, the emissivities can be 
taken as 0.9 to 1.0 for the calculation of radiation. 

An outstanding conclusion from these measurements is that, 
because of the variations in temperature, radiation, and emissivity 
along the Jength of the flame, the problem of the development _ 
of a fundamental expression for even the over-all transfer of a — 
flame is tremendously difficult and that the problem of estimating _ 
the transfer in different parts of a furnace is even more difficult. | 
: The latter problem is frequently of more importance than the — 

; first because the proper distribution of cooling surface in a furnace ~ 7 3 
would necessitate a knowledge of the temperature and radiation __ 
characteristics in various parts of the flame. a 

The data on the emissivity of the flame for various depths | 4 
should be helpful in calculations but in addition to the emissivity | 
the temperature of radiation is required. What this should be _ 
in a furnace where the temperature rises to a maximum and then 7 
falls is not easily determined. 

The value of the present results is considered to be principally: © 


1 


2 


: (1) That it has been shown that, of the factors investigated, the = 5 
type of coal had the most effect on the radiation and emissivity 
‘ and that the size of coal, excess air, and rate of heat input were 
of decreasing importance, and (2) that the measured values with — a 
their accompanying data furnish a test for the validity of funda- | 6 


mental or empirical formulas that may be proposed. 


The test 
of such formulas by these data is left to their sponsors. : 


4 


SUMMARY 


The experimental investigation of the burning characteristics — 
of four coals in pulverized form has shown: 

1 That the rate of decrease of unburned carbon with in-— 
crease of excess air was not the same for different coals. 
The unburned carbon continued to decrease up to 30 
per cent excess air with Pocahontas coal, whereas the 
curves for Hocking coal were practically flat beyond 20 
per cent excess air 

' 2 That the fineness of grinding becomes increasingly im- 

7 portant as the combustion space is restricted and that 
the optimum limits of fineness, without regard to power 
consumption in these experiments, differed with the 
type of coal 

3 That, as shown by the above conclusions, the type of 
coal markedly influences the rate of combustion. Al- 

though the low-volatile Pocahontas coal, 18 per cent on 

ae moisture- and ash-free basis, was the slowest burning of 

” the four coals, Illinois coal, volatile content 40 per cent, 


R. M. Harparove.'® 
made available the data presented in this paper. 
real value and use provided it is not interpreted too broadly as it 
was obtained on a very specific arrangement of equipment. 
The type of burner used is probably inferior to any other being 
offered on the market today and far better and more representa- 
tive results would have been obtained if a good turbulent burner 
had been used. 

The unburned carbon loss is relatively consistent with the 
actual losses in commercial installations. 


burned more slowly, and Pittsburgh coal, volatile con- 
tent 44 per cent, burned only slightly more rapidly than 
Hocking coal whose volatile content was 40 per cent 

That increased furnace temperature increased the ap- 
parent rate of combustion of the coals 

That, as the difference in the rate of combustion with 
different coals and furnace temperatures was particu- 
larly marked in the early part of the combustion, the 
ignition temperature of the coal and the temperature 
in the ignition zone are indicated as important factors 
in the over-all combustion process. The need is evident 
for a method for the determination of the ignition tem- 
perature or relative ease of ignition of pulverized coal 
when actually suspended in air. 


The determination of the radiation from the pulverized-coal 
flame has shown: 


That, although the temperature and total radiation of 
the flame were affected by the fineness of grinding, excess 
air, and rate of firing, the emissivity of the flame at any 
position was affected to a marked degree only by the 
type of coal. The maximum differences in emissivi- 
ties at any position were only 0.10 to 0.15 or about 30 
per cent 

That the radiation from the suspended carbon and ash 
particles is an important part of the total radiation for 
the emissivity of non-luminous gas flame in this furnace 
was about 0.2, whereas those of the pulverized-coal 
flames were 0.7 to 0.3, decreasing as the carbon burned 
from the flame 

That a gas flame could be made so luminous, by inducing 
cracking of the hydrocarbons, that its emissivity could 
be made greater than that of a pulverized-coal flame 

That the absorption coefficient of the flame as calculated 
from the measurement of the radiation of different 
thickness of flame was not constant because of variable 
conditions in the flame, but was more constant the 
greater the thickness and the greater the distance from 
the burner 

That by calculation from the absorption coefficients at 
the maximum depth of measurement, the emissivities 
of Illinois coal flames in thickness of 15 to 20 ft would be 
0.9 to 1.0 

That the variations in temperature, radiation, and 
emissivity along the flame render the problem of de- 
veloping fundamental expressions for radiant heat 
transfer in different parts of a furnace, or even for an 
entire furnace, extremely difficult 

That these data furnish a test for the validity of funda- 
mental or empirical formulas for radiant heat transfer. 


Discussion 


We appreciate Mr. Sherman’s having 
It will be of 


Fig. 2 shows that 20 


18 Research Engineer, Fuller Lehigh Co., New York, N. Y. Mem. 
A.S.M.E. 
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per cent excess air is ample for Hocking Coal, while 25 per cent 
would be better for Pocahontas Coal. 

The effect of fineness of the coal on unburned carbon, as shown 
on Figs. 3, 4, 5, and 6, indicates that the unburned carbon reaches 
an approximate minimum at the following fineness: 


77 per cent-200 for Pocahontas coal corresponding to 3 per cent 
unburned carbon 

60 per cent-200 for Pittsburgh coal corresponding to 1 per cent 
unburned carbon 

60 per cent-200 for Hocking coal corresponding to 1 per cent 
unburned carbon 

70 per cent-—200 for Illinois coal corresponding to 1.3 per cent 
unburned carbon 


The first three are consistent with actual installations, but 
Illinois coal usually gives a lower carbon loss with coarser coal 
than either Pittsburgh or Hocking coals. 

One furnace in the Chicago district, with which we are familiar, 
burning Illinois coal averages a loss in combustible in the flue 
dust of approximately 0.2 per cent. This furnace has vertical 
burners and slag tap furnaces. Other units having horizontal 
burners and water cooled hopper bottoms average about 0.4 per 
cent loss in flue dust. 

In an attempt to find a reason for this inconsistency, it was 
noted that this Illinois coal, which usually carries 11 to 15 
per cent moisture as fired, was dried to a moisture of 1.1 per cent. 
In modern direct fired installations, enough hot air would be 
used to remove the excess surface moisture only, leaving about six 
per cent inherent moisture plus one per cent surface moisture in 
the coal. 

Whether the absence of this moisture can account for the un- 
usual behavior of this coal or whether it was overheated during 
drying or in storage is difficult to say, but we would suggest that 
tests on this coal be repeated using freshly mined coal dried only 
enough to remove the surface moisture in excess of one per cent. 
It is noted from the analyses in Table 1 that all of the coals 
contain appreciably less moisture than would usually be present 
and even lower than if dried in the usual manner for either bin 
operation or direct fired systems. 

The liberations of approximately 20,000 Btu per cu ft are all 
relatively low. With a good burner approximately complete 
combustion should be obtained with liberations 3'/2 times as 
great in a furnace this size. 

The effect of furnace temperature on reducing unburned car- 
bon is well illustrated in Figs. 8, 9, and 10, where at the same 
liberation the highest furnace temperature produces the lowest 
carbon loss. The temperatures were mostly above 2200 F 


which rather contradicts the theory that temperatures of 1600 F 
are needed for ignition and temperatures above this retard com- 
bustion. 

The relative radiation of the different coals is of interest and 
further data of this sort is greatly needed. 

It is to be hoped that the author will be able to continue this 
work with additional fuels over a wide range of liberations and 
using burners and moistures more analogous to present day 
practise. 

AvutTHoR’s CLOSURE 


The comments by Mr. Hardgrove in which he compares the 
laboratory results with actual boiler-furnace performance are 
very helpful. He has done well to warn against too broad an 
interpretation of these results as they were obtained on an ex- 
perimental furnace. 

Although the suggestion, that the low moisture content of the 
Illinois coal affected the results, may have merit, the author does 
not believe that these results are particularly questionable. It 
should be understood that the values for the unburned carbon are 
not the heat loss in unburned carbon but the percentage of the 
total carbon in the gas that appears as unburned carbon. They 
must be multiplied, therefore, by the percentage of carbon in the 
coal which reduces the values somewhat. This calculation would 
not bring the results down to the low figures of 0.4 and 0.2 per 
cent that Mr. Hardgrove quotes but it must be remembered 


that there may be considerable difference among Illinois coals. — 


Tenney"* has presented results on coal from the same mines which 
allow of a more accurate comparison. With 53 per cent through 
200-mesh he reports 13.2 per cent combustible in the flue dust 
when 3 to 4 sec were available for combustion. In the author’s 
test, with 56 per cent through 200-mesh the average combustible 
in the dust was also 13.2 per cent at the last point of sampling 
when only 0.4 sec was available for combustion. Values for 
other finenesses are of the same order. 

Although it would be valuable to extend the work to other 
burners analogous to commercial types the data would be of no 
more value for comparison of the burning characteristics of the 
fuel than with this simple one. Furthermore, this burner, al- 
though simple, has been shown to give as good results as the 
much more complicated varieties. 

The work should go on to a wider variety of coals but its con- 
tinuation is doubtful without support from the groups to which it 
is of particular benefit, namely, the equipment manufacturers, 
coal users, and coal producers. 


H. Tenney, “Pulverization and Boiler Performance.” 
A.S.M.E. Trans., vol. 54, 1932, paper no. FSP-54-7, p. 55. 
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Supersaturation, or the failure of steam to condense 
when the saturated condition is reached in an expansion, 
has long been a matter of interest to engineers. This 
paper presents the account of an investigation of this 
phenomenon in which the principal objectives were the 
location of the Wilson line, which indicates the condition 
at which condensation actually occurs, and the measure- 
ment of the size of the drops which are formed when 
flowing steam condenses. Examination of the flow of 
low pressure steam through an illuminated nozzle fitted 
with a glass top revealed that the condensation process 
could be observed and that the pressure of the steam at the 
condensation point could be measured with the aid of a 
search tube. It was found that in a simple convergent- 
divergent nozzle condensation did not occur until the 


N ACCURATE knowledge of the weight of steam which 

may be expected to flow through a given nozzle area under 

varying conditions is essential in the design of steam tur- 
bines and other equipment. The flow of superheated steam can 
be estimated with a high degree of accuracy by the use of the 
Saint-Venant formula. Applying the usual formula to the flow of 
saturated or wet steam, however, with the assumption that 
condensation begins as soon as the saturation condition is passed 
in an expansion, results in a theoretical flow which may be smaller 
than the actual. This excess, at first attributed to experimental 
error, has been so conclusively demonstrated by the work of able 
experimenters that the correctness of the conventional theory of 
condensation is questionable. 

The theory of supersaturation was proposed to explain the 
phenomena involved in the flow of saturated or wet steam. It 
was suggested that steam in a rapid expansion from a dry or 
slightly superheated condition might not begin to condense when 
the saturated condition was reached, but might continue to 
expand as in the superheated region, thus becoming super- 
saturated. Such a theory explains the excess flow encountered 
in the expansion of saturated steam through nozzles. 

Flow of a fluid through a nozzle depends upon the product of 
its density and velocity at any given cross-section. The conven- 
tional theory of condensation requires that steam begins to con- 
dense when the saturated condition is passed in an expansion. 
The condensed portion of the steam gives up its latent heat, 
causing a decrease in the density of the surrounding medium. 
If the condensation should fail to occur, the latent heat would be 
retained with the result that, for a given expansion, the density of 


1 Instructor in Mechanical Engineering at the University of Roches- 
ter, Rochester, N. Y. Jun. Mem. A.S.M.E. Mr. Yellott received 
the degree of Bachelor of Engineering in 1931 from Johns Hopkins 
University after which he returned to the University for two years 
graduate work under Prof. A. G. Christie. This work consisted pri- 
marily of advanced thermodynamics under Prof. J. C. Smallwood 
and of power engineering under Prof. Christie. The research de- 
scribed in this paper was the basis of the author’s thesis for the 
degree of Master of Mechanical Engineering received from the 
University in 1933 and was carried out under the direction of Prof. 
Christie at the Hopkins Laboratories. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., December 4 to 8, 1933, of Taz AMERICAN 
Society or MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 


persaturated Steam 


JR.,! ROCHESTER, N. Y. 


steam had reached the condition approximately repre- 
sented by the 3.5 per cent moisture line on the Mollier 
chart. The droplets which formed at that condition 
were extremely minute, their radii being of the order 
of magnitude of 6.2 X 10~* cm, and there was no evidence 
of growth during their passage through the nozzle. Ad- 
ditional experiments with nozzles of other designs led to 
the discovery that under certain conditions condensation 
could take place when the steam had reached the 2 per 
cent moisture condition, and that the droplets so formed 
grew rapidly from about 10.0 X 10~* cm to about 6.0 < 10-5 
cm in radius. It was concluded that supersaturation 
invariably occurred in the condensation of flowing steam, 
and that the superheated steam formula should be used 
to estimate the flow of saturated steam through nozzles. 


supersaturated steam would be greater than that of wet steam. 
The velocity of the supersaturated steam would be less than that 
of the wet steam because the isentropic heat drop is less for a 
supersaturated than for an equilibrium expansion. The product 
of the velocity and the density, however, is greater for the super- 
saturated than for the wet steam and hence the weight flowing 
through a given area is greater. 

The actual mechanism of condensation in flowing steam, which 
is by no means clearly understood, involves the formation of 
water droplets. The nature of formation and the size of these 
droplets is of great importance in determining their behavior, 
particularly in respect to the erosion of the low pressure blades 
in steam turbines. 

Need for further data on supersaturation in actual steam flow 
and the lack of information on condensation nuclei and drop size 
led to a two-year study in the laboratories of the Johns Hopkins 
University of the flow through nozzles of relatively low-pressure 
steam. The original object of this research was to investigate 
the condensation of steam in an effort to learn how and when it 
occurs and to discover the conditions under which supersaturation 
actually exists. It was desired to locate by experimental means 
the Wilson line which, on the Mollier chart, represents the condi- 
tion at which condensation actually occurs in expanding steam 
at the termination of the supersaturated state. 

In considering methods of attack, it appeared that Mellanby 
and Kerr (25)? had exhausted the possibilities of the weighed-flow 
analysis. The optical method used by Stodola (29) to study flow 
in nozzles and by Thomas (31) to examine moisture in steam did 
not appear to have been utilized to the fullest possible extent, 
and the possibility that drop sizes might be measured by optical 
means made this method more attractive. It was believed that, 
if the condensation point could be seen, the pressure at that point 
could be measured with a search tube and thus some positive 
knowledge of condensation conditions would be obtained. From 
this the supersaturation could be determined. 


2 HisToricau 


Supersaturation has been studied by many investigators. 
Aitken (1) concluded that all condensation occurred on dust 
particles as nuclei and he devised a dust counter which utilized 
this principle. 


? Numbers in parenthesis refer to the bibliography, Appendix 3, 


at the end of this paper. | 


411 


A>, 


| 
| 
| 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Von Helmholtz (18) called attention to the supersaturation of 
steam issuing from an orifice into the open air. Observing that 
electrification of the jet greatly increased the number of droplets, 
he came to the conclusion that ions usually served as nuclei for 
condensation. The extension of Lord Kelvin’s formula for the 
equilibrium pressure over curved surfaces is due to von Helm- 
holtz. 

G. T. R. Wilson (34-37), whose name is given to the line on the 
Mollier chart which marks the limit of supersaturation, investi- 
gated the nature of this phenomenon. By expanding in a glass 
chamber a sample of air or other gas saturated with moisture, he 
was able to measure the pressure at which condensation began. 
From this he deduced the supersaturation ratio by dividing the 
pressure at which condensation started by the saturation pressure 
corresponding to the temperature of the supersaturated steam. 
At —16 C, Wilson found a supersaturation ratio of 7.9, corre- 
sponding to a drop radius of 6.4 X 1078 cm. 


! 

| 
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Fig. 1 Vapor PressuRE ABOVE PLANE AND CURVED SURFACES 


J. J. Thomson (33) studied with great care the effect of ioniza- 
tion upon supersaturation and developed the theory underlying 
condensation upon ions. In general, his findings support those of 
Wilson. 

Carl Barus (4-8) likewise obtained results which substantiated 
Wilson’s. He was particularly interested in the problem of 
supersaturation as applied to meteorological phenomena. 

C. F. Powell (27), at Wilson’s suggestion, investigated with 
improved apparatus the supersaturation of saturated air at four 
temperatures. His results will be discussed later. 

A. Stodola (29), by his work with illuminated glass nozzles, 
found positive evidence of the existence of supersaturation in 
actual nozzle flow. With characteristic thoroughness he repeated 
the work of earlier experimenters and then developed the method 
of attack which is used in this investigation. He has reported 
one measurement made in this manner in his book, ‘‘Steam and 
Gas Turbines” which contains a complete presentation of the 
theory of supersaturation. 

Mellanby and Kerr (25) weighed and analyzed the flow of 
saturated steam threugh nozzles and concluded that, to account 
for their experimental results, supersaturation must exist. 

Using the weighed flow method, Kearton (22) studied the flow 
of mercury vapor through nozzles and showed that supersatura- 
tion occurred during that process. The limitations of this 
method prevented him from placing a definite value upon the 
supersaturation to be expected with mercury. 

Supersaturation has also been studied from purely theoretical 
considerations. Maxwell (24), discussing the Thomson iso- 


a 


thermal, first suggested the possibility of a supersaturated state 
for steam. 

Sir William Thomson, Lord Kelvin (32) gave a theoretical 
foundation to supersaturation when he derived the relation 
between the vapor pressures above a curved and a plane liquid 
surface. His equation is the basis of all supersaturation calcula- 
tions. 

H. L. Callendar (9-11), studying the so-called missing quantity 
in reciprocating steam engines, concluded that supersaturation 
could account for at least a portion of that quantity. He dis- 
cussed supersaturation at length in several publications and in his 
book, ‘“The Properties of Steam.” 

H. M. Martin (23) brought the subject of supersaturation to 
the attention of engineers by his paper, “‘A New Theory of the 
Steam Turbine.” He assumed that condensation always results 
in droplets of the same size. On this basis he applied Callendar’s 
value of the droplet radius to the von Helmholtz equation, 
making allowance for the variation of surface tensjon with 
temperature and estimated the supersaturation ratio which 
might be expected at any temperature. From these data, using 
the Callendar equations of state, he calculated the properties of 
steam for the conditions under which condensation should occur. 
His results, plotted on the Mollier chart, form the line to which 
he gave Wilson’s name. 

Goodenough (16) presented a thorough discussion of the theory 
of supersaturation and its effects and then, doubting the validity 
of the theory, proceeded to show that the same effect of increasing 
the flow over the calculated value could be produced by the 
presence in the steam of small water particles. His article is of 
particular interest for its exposition of the effect of water droplets 


upon velocity coefficients of nozzles. 7 


3 TuHeEoryY OF SUPERSATURATION 4) 


Supersaturation is based upon the fact that the vapor pressure 
of a liquid at a given temperature is greater above a curved than 
above a plane surface. This can be understood by referring to 
Fig. 1 where (a) shows a molecule, z, ona plane liquid surface, which 
is attracted by all of the molecules of the liquid within the hemi- 
sphere of radius p, the distance over which the molecular attraction 
may be assumed to act, and (b) shows a molecule, y, on a curved 
surface, which is attracted by fewer molecules than z because 
those molecules in the solid area are no longer present. At the 
same temperature, then, molecule y will be tied less securely to 
the surface than will z, and conversely a greater pressure in the 
surrounding atmosphere will be required to force y to remain on 
the surface. In other words, the vapor pressure in case (b) is 
greater than that in (a). Thus a water droplet, if sufficiently 
small, will evaporate if placed in an atmosphere of saturated 
steam. If, however, the vapor is supersaturated or at a pressure 
greater than that corresponding to the temperature, equilibrium 
can exist between the vapor and the droplet when the pressure of 
the vapor is equal to the vapor pressure of the droplet. The 
conditions necessary for equilibrium between vapor and droplets 
were investigated by Lord Kelvin (32) and a formula to express 
these conditions was derived by von Helmholtz (18). 

Lord Kelvin’s equation evaluates the change in vapor pressure 
of a liquid caused by a change in the curvature of its surface. 
Fig. 1(c) shows the assumed conditions. A capillary tube of 
radius r is inserted into a liquid of which 7 is the surface tension in 
Ib per ft. The whole is enclosed in a vessel so that only the liquid 
and its vapor, both at temperature 7’, are present. If the liquid 
does not wet the tube, it will be depressed due to capillary action 
to a level below that of the plane surface of the remaining liquid 
in the vessel. The surface of the liquid in the tube may be 
assumed to be a hemisphere of radius r. The distance of the 
meniscus below the level of the liquid is H, and P and p are the 
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pressures in the liquid and the vapor, respectively, at the menis- 
cus, 


= + {1] 
Rearranging and eliminating zr, 
2 
[1a] 
r 


_ 4 When the concavity is downward r is assumed to be positive. 

Due to the difference in elevation, H, the pressure of the vapor, p, 
at the curved surface in the tube must be greater than that at the 
plane surface. The vapor, however, must be in equilibrium with 
both the curved and the plane surfaces; otherwise perpetual 
motion would result. Therefore, denoting by P. and po the 
pressure in the liquid and in the vapor, respectively, at the 
plane surface, 


If v is the specific volume of the vapor, the difference in pressure 
due to the difference in elevation will be 


= 


Likewise, if V is the specific volume of the liquid, the difference 
in the liquid pressures will be 


since ps = po by definition Po= Po 
Equation [9] can now be written: 
— +4 dp = 9: 


Consider an elementary section, dH, on Fig. 1(c). The increase 


of the liquid pressure dP = — = D dH, where D, the density of 


1 
the liquid, equals y 


The increase of the pressure of the vapor, 


H 
dp = = = pg dH, where d is the density of the vapor. Thus 
v 
D 
dP = DdH, and dp = ddH, sodP = 7 dp. Substituting i in [9], 
we have: 


In general, d is very small compared to D, and is so large com- 


pared to 1 that without serious error we may omit the product 
1 X dp. Likewise, over a small range, D may be taken as a 
constant, so we have: 


We wish now to solve for p — po, the change in vapor pressure Assuming that the perfect gas relationships are applicable to 


caused by the curvature of the surface. 


Combining [3] and [4] and eliminating H, 
V 
(p— po) (P= Po) [5] 
Inverting [3] and [4] and subtracting, > 
(v— V) 1 1 
H P— Po P — P. 
; a and recalling from (2] that Po = po, 
P= P—p [6a] 
H (p— po) (P—Pc) (p—po)(P—Po) 
H = 
Since (P — P.) = =, 


Substituting [la] in [7], we have the desired relation: 


Thus, for equilibrium to exist, the pressure of a vapor containing 
drops of radius r must exceed the vapor pressure of the drops by 
2Vy 
r(v — V) 

The equation first derived by von Helmholtz expresses the same 
relation in more convenient form. Referring again to Fig. 1(c) 
and Equation [2], we may define the pressure of the vapor at the 
plane surface, po, as the saturation pressure at temperature 7’, ps. 
Rearranging Equation [la] and subtracting p, from each side of 
the equation, we have, 


, which may be very large if r is sufficiently small. 


rs condensation can occur. If r is made very small, S must be very 


this case, 


Equation [11] can now be rewritten and integrated: 


p 
d 
27 _ RTD J “P = RTD log, (2) os [12] 
Ds Pp Ds 
which we may express as: 

loge (2) RTD: [13] 


where p denotes the pressure in equilibrium with the drop of 
radius r at temperature 7’, and ps is the saturation pressure at 
that temperature. This is the fundamental supersaturation 
equation of von Helmholtz. 


The ratio = denoted by the symbol S, is known as the super- 


saturation ratio. Equation [13] gives the relation which must 
exist between the actual pressure and the saturation pressure at 
the existing temperature if a drop of radius r is to be in equilibrium 
with the vapor about it. If this ratio is lowered, the droplet will 
evaporate. If it is raised, the droplet will grow. 

It will be seen from Equation [13] that the logarithm of the 
supersaturation ratio varies directly with the surface tension and 
inversely with the absolute temperature and the radius of the 
drops. Surface tension decreases with increasing temperature 
and finally vanishes at the critical condition. Thus there can be 
no supersaturation at the critical condition. Conversely, surface 
tension increases with decreasing temperature and the super- 
saturation ratio for a given size of drop increases as the tempera- 
ture is lowered. 

Equation [13] also indicates the need for a nucleus upon which 
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large and finally, in the limiting case, whenr = 0,S =. Thus 
in order for a pure vapor to condense, there must be some nucleus 
of finite radius. 

The search for such a nucleus motivated early workers in this 
field. Aitken at first concluded that dust particles always 
served as nuclei, but he rejected this conclusion upon finding that 
condensation occurred with filtered, dust-free vapor. Von 
Helmholtz believed that ions were the nuclei upon which con- 
densation took place. 

G. T. R. Wilson found three distinct types of nuclei. Working 
with air saturated with moisture, he found that a small expansion 
caused condensation upon the relatively larg particles of dust 
which were present in the air. With dust-free air he discovered 
that at a higher expansion ratio condensation Occurred upon 
_ ions. Wilson’s “cloud chamber,” well known to physicists, is 
_ based on this feature of the phenomenon. He was able to trace 
the path of ionizing rays by causing them to pass through an 
illuminated chamber and photographing their tracks, which are 
droplets of water condensed upon the ions formed by the ray. 


Fic. 2 AppaRaTus USED IN INVESTIGATION 


With air freed both of dust and of ions, Wilson found that a 
sufficiently high ratio of expansion would invariably cause a 
heavy condensation in the form of innumerable very small drop- 

lets. The nuclei responsible for this ultimate condensation, 
avai at great length by Barus (6-8), were seemingly 
inexhaustible, and appeared to form an essential part of the water 
vapor, for they could not be removed by any process. The 
conclusion reached by both Barus and Wilson was that these 
~ nuclei are associated or agglomerated molecules. 
Callendar (9-12), assuming that the time interval in the flow of 

_ steam through nozzles is too small to allow condensation to occur, 
used Wilson’s value of 7.9 for the supersaturation ratio at 300 C, 

abs, in the von Helmholtz equation, and obtained 5.0 X 10-* cm 

as the radius of the droplets formed when condensation takes 

_ place. The Wilson line, in his opinion, approximately coincided 
_ with the 3 per cent moisture line on the Mollier chart. Martin’s 

- original Wilson line lay between the 3 and 4 per cent moisture 
lines. 

_ Powell’s calculations resulted in a droplet radius of 6.4 X 10-% 

em, and his version of the Wilson line falls along the 2 per cent 

moisture line. 

_ While the existence of supersaturation has been demonstrated 
__ by the work of the authorities mentioned above, a supersaturation 
limit, or Wilson line, based on theory alone is not acceptable. 

There are so many uncertain variables in the von Helmholtz 
equation and so many assumptions in om derivation that the 
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validity of results based upon it is open to question. An experi- 
mental investigation of the condensation conditions is therefore ; 
necessary to determine the actual supersaturation limit, and the 
following sections record such an investigation, = = 


a oy! 
4 DeEscRIPTION OF THE APPARATUS 


The apparatus, Fig. 2, was designed to provide a nozzle with a 
transparent side through which the expanding steam could be 
observed with the aid of an intense beam of light passing axially 
through the nozzle. Observation at right angles to the illumi- 
nating beam was essential because, in this way otherwise invisible 
details could be seen as in the ultra-microscope. Referring to 
Fig. 3, steam entered through the main valve A and passed 
through a 2-in. line into the superheater, B, consisting of a 6-in. 
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steel pipe within which was placed a copper coil supplied with 
high-pressure steam through valve C. Evaporation of the 
entrained moisture in the entering steam was the principal 
function of the superheater, but it could also be used as a de- 
superheater by closing valve C and the drain valve, and opening 
valve D, admitting to the coil cold water which was discharged 
to the sewer. 

Steam passed from B into the tee, F, which had at one end a 
glass port, Z, and at the other the nozzle assembly, G, shown in de- 
tail in Fig. 4. In the side of F (Fig. 3) was inserted a standard 
thermometer well which was provided with a mercury-in-glass 
thermometer to determine the temperature of the incoming 
steam. 
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The nozzle, rectangular in cross-section, was formed by two 
polished brass blocks bolted to the sides of a cast-iron channel. 
The glass plate which constituted the top of the nozzle was 
clamped tightly to the channel, with rubber gaskets above and 
below to prevent leakage. Fig. 5 shows the dimensions of the 
several nozzles used in the experiments. 

The inlet pressure was measured by a Bourdon gage or a 
mercury manometer. The pressure connection, a '/-in. hole, 
was located at the center of the bottom of the channel, 1 in. above 
the throat of the nozzle. The steam from the nozzle passed 
through a second tee into a 2-in. line leading to a condenser in 
which a vacuum of 25 in. of mercury could be obtained. Valves 
in the discharge line permitted the back pressure to be raised to 
any desired value. 


Fig. 5 Dimensions or Biocks 


The static pressure of the steam at any point along the axis of 
the nozzle could be measured with the aid of a brass search tube, 
of 0.125 in. inside diameter and 0.189 in. outside diameter. The 
steam pressure was transmitted through six holes, !/-in. in 
diameter, in the form of a piezometer ring, located about 14 in. 
from the end of the tube. The search tube was soldered to a 
larger tube which passed through a stuffing box and was con- 
nected by means of flexible rubber tubing to a Bourdon gage and 
a mercury manometer. A hand-wheel and screw permitted the 
search tube to be moved along the axis of the nozzle, and the 
location of the pressure measuring holes could be found by a 
scale on the frame. To prevent vibration, the steam end of the 
search tube was held in place by a guide at the high pressure end 
of the channel. The back pressure was measured by a mercury 
manometer connected to a '/»-in. hole in the bottom of the 
channel beyond the nozzle mouth. 

Illumination was provided by a carbon arc, the light from which 
was concentrated by a pair of lenses and introduced through the 
port Z (Fig. 3) along the axis of the nozzle. Usually a screen was 
used to keep the light from hitting the bottom of the nozzle, and a 
blue filter could be interposed between the are and the nozzle if 
needed. When full illumination was desired, the search tube 
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was removed and in its place was installed a glass port through 
which the light from a second are entered. This light could be 
focussed with a concave mirror into a sharp beam to study one 
portion of the nozzle or into a broad ray to illuminate it com- 
pletely. 

The pressure gages, calibrated frequently during the course of 
the work, could be read to within 0.5 lb per sq in. The probable 
error in the absolute pressure measurements thus varied between 
0.84 per cent for low pressures and 0.35 per cent for high pres- 
sures. The mercury manometers were made of glass tubing 0.25 
in. in diameter, mounted on varnished wood. The scales were 
made of portions of graph paper fastened to the wood and 
varnished to minimize the effect of humidity. The height of the 
columns could be read with an accuracy of 0.05 in., the probable 
error varying from 0.5 to 0.1 per cent. Correction was made for 
the water which condensed in the tubes by allowing 13.6 in. of 
water per in. of mercury. The barometric readings, obtained in 


Fig. 6(b) 


Fic. 6 Nozze No. 1 


[a (upper)—Illumination confined to plane of search tube. 6 (lower)— 
Search tube in place. Entire cross-section illuminated. Initial conditions: 
30 Ib per sq in. gage, 300 F, 16 lb per sq in. abs back pressure. } 


changes in room temperature, for such variations are of a small 
order of magnitude and have no significant effect. 

The thermometer was tested and found to be correct within 
0.5 F. It could be read to within 0.5 F by means of a magnifying 
lens attached to it. The maximum probable error in the tem- 
perature measurements was thus 1.0 F in 300 or 0.33 per cent. 


5 Meruop or MEASURING THE SUPERSATURATION RATIO 


Supersaturation cannot be measured directly but must be 
calculated from an observed condensation pressure. Attempts 
to measure the temperature of supersaturated steam will fail 
because such steam will condense on any surface and a ther- 
mometer placed in such an atmosphere will immediately become 
covered with a thin film of moisture. The temperature of 
saturated steam at the existing pressure will thus be obtained. 

When the apparatus was put into operation it was found that 
the intense light from the are enabled the condensation point to 
be observed. The entering steam, superheated by throttling 
from the boiler pressure, was quite transparent and the occasional 
drops of entrained moisture were easily seen. When condensa- 
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an adjacent laboratory located about 10 ft above the apparatus, 
were not corrected for this difference in elevation, nor for the 
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tion took place, however, the are light was scattered by the great 
number of very small drops which formed in the steam, and a 
dense bluish mist was visible. As shown in Fig. 6(a), condensa- 
tion occurred along a relatively sharp curved line which bore a 
marked resemblance to the constant pressure lines in nozzles 
shown by Stodola (29). There was a distinct and unmistakable 
change in appearance from the transparency of the dry super- 
saturated steam to the blue cloud which indicated the presence 
of minute water droplets. The incident light was scattered 
rather than reflected or refracted, and the only color to be seen 
was the blue which is characteristic of the light scattered by very 
small particles. 

In determining the condensation pressure, the apparatus was 
allowed to run until it was thoroughly warm and the entering 
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steam quite dry. A pressure traverse of the nozzle was then 
made by means of the search tube. When the piezometer ring on 
the search tube reached that portion of the nozzle in which 
condensation was occurring, the arc was turned on and the 
experimenter was able to estimate by visual observation the 
point at which the search tube left the supersaturated region and 
entered the wet. The static pressure at that point was assumed 
to be the condensation pressure. When the traverse was com- 
pleted the condensation region was reexplored several times to 
check the pressure determination. The pressures thus obtained 
were plotted against nozzle length as in Fig. 8(a). The resulting 
curves resemble those shown by Stodola and by Mellanby and 
Kerr. 

The method of determining the condition of the steam at the 
condensation point is based upon the assumption that the ex- 
pansion through the throat of the nozzle is isentropic. This is 
not strictly true, for some losses are present, but those which 
occur before the throat is reached are small. It will be seen 
from Figs. 8(a) and 8(b) that the expansion to the throat of the 
nozzle used in this work was rapid and continuous. The fluctua- 


tions in pressure, which are responsible for a large part of the 
losses, occur after the condensation point has been reached. 
It is probable, therefore, that the losses to the condensation point 
do not at the most exceed 1 or 2 per cent of the isentropic enthalpy 
drop. 

If isentropic expansion is assumed, the condition at the con- 
densation point can be estimated from the Mollier chart by 
following the entropy line on which the initial-state point of the 
steam is located. The condensation condition is the intersection 
of that entropy line and the line representing the pressure at 
which condensation is observed. Since the conventional Mollier 
chart is based upon equilibrium conditions, the supersaturated 
condition cannot be represented correctly upon it. For this 
reason a revised Mollier chart was prepared in the manner 
described in Appendix 2. Fig. 7 is a portion of this chart plotted 
on a large scale and shows the method of locating the condensa- 
tion point. Point 1 is the initial condition, determined by 
measuring the pressure and temperature of the incoming steam. 
Line a-b is the conventional wet steam line in thermal equilibrium 
for the pressure pe at which condensation is observed and A-b 
is the supersaturated line for the same pressure. 

Steam expanding isentropically from point 1, crosses the 
saturation line at point S but remains dry and supersaturated 
until it reaches a condition represented by point A on the super- 
saturated pressure line. At that point condensation takes place 
and thermal equilibrium is almost instantaneously restored. 
This action is represented by the constant enthalpy line A-B. 
The condition of the wet steam is thus represented not by point A 
or a, but by point B. If the expansion is not exactly isentropic, 
the friction and other losses will reheat the steam and raise 
slightly the enthalpy of point B. 

It is evident that in a given expansion there is a distinct loss in 
availability because of this isenthalpic change from the super- 
saturated to the wet condition. If H is the isentropic enthalpy 
drop from the saturation line to the wet steam line a-b, AH is the 
portion rendered unavailable because of the increase in entropy 
attendant upon condensation. It will be shown later that 
condensation takes place between the 3 and the 4 per cent mois- 
ture lines and for this condition the loss in availability remains 
sensibly constant at about 2 Btu. Since the isentropic enthalpy 
drop from the saturation line to this condition is approximately 
50 Btu, the loss in availability amounts to some 4 per cent of that 
enthalpy drop. This loss probably has an important bear- 
ing on the nozzle efficiencies’ being lower with wet than with 
superheated steam. In turbine practise the supersaturation loss 
is usually covered by the assumption that stage efficiencies are 
lower in the region below the saturation line than in the super- 
heated region. The usual allowance is 1 per cent decrease in 
efficiency for each per cent of moisture in the steam. 

Martin’s original definition (23) indicates that he intended the 
Wilson line to represent the condition of supersaturation at 
which condensation must occur in an expansion, that is, point A 
in Fig. 7. Since this requires a Mollier chart upon which the 
supersaturated pressure lines are present, it seems advisable to 
change this definition slightly, because the designer usually has 
at his disposal only the conventional chart. The Wilson line is 
therefore the loci of the points which indicate the condition of 
steam when condensation has just occurred, and when thermal 
equilibrium is reestablished at the limit of supersaturation, as B 
in Fig. 7. 

Since the supersaturation ratio is defined as the ratio of the 
actual pressure at a given temperature to the saturation pressure 
at that temperature, it is necessary to calculate the temperature 
of the supersaturated steam at the condensation point. This 
may be done by using the thermodynamic relations for super- 
heated steam. If the subscript 1 is used to denote the initial 
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conditions, and n = 1.3 is the index of isentropic expansion for 
superheated steam, 


[14a] 


Ti 
where p, v, and 7’ are the conditions of the supersaturated steam 


at the condensation point. Combining [14] and [15], we have 
the well-known isentropic relationship: 


116) 


If 7, pi, and p are known, K temperature at the condensation 
point can be calculated from [16], and the pressure p. corre- 
sponding to that temperature can be found from the steam tables. 
Substituting for n, [16] reduces to: po 


sample calculation follows: 
pressure = 64.7 lb persqin. abs 


762.6 abs 
= 34.2 lb per sq in. abs 


0.231 
= 1.901, and ( = 1.159 
P 


_ _ 7626 _ 


1.159 1.159 


Initial temperature = 303.0 F 
Observed condensation pressure 


Then 


= 658.0 F abs os 
and 


t = (658.0 — 459.6) = 198.4 F 


From Keenan’s steam tables, the pressure p. corresponding to 


198.4 F is 11.15 lb per sq in. abs so that the supersaturation ratio 


When the supersaturation ratio has been calculated for a given 
observation, it becomes possible to apply the von Helmholtz 
Equation [13], to estimate the radius of the droplets formed when 
condensation occurs. Thus: 


27 
D = density of water at temperature ¢ = 60.1 lb per cu ft 
at 198.4 F 
R = gas constant for superheated steam = 86 (approx.) 
T = absolute temperature, F = 658.0 
y = surface tension of water at 198.4 F = 4.13 * 10-3 lb 


per ft (see Fig. 10). 
Then, for S = 3.05 
2 X 4.13 X 10-8 
~ 11151 X 658.0 X 60.1 X 86 
= 2.11 X 10-* ft = 6.4 X 10-*cm 
The value thus obtained for the effective radius of the drops 


formed in condensation is in close agreement with those found by 
Wilson and Powell. 
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After it had been found that the condensation pressure could 
be measured with reasonable accuracy, the first feature to be 
investigated was the variation of that pressure with varying 
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initial conditions. Using a simple convergent-divergent nozzle 
form, No. 1 in Fig. 5, a series of measurements was made in the 
manner outlined in Section 4. Inlet pressures varied from 11.0 
to 75.0 lb per sq in. abs, the range in which turbine condition 
curves usually cross the saturation line on the Mollier chart. 
Above the latter pressure the incoming steam was too wet for 
satisfactory observation, and it was undesirable to subject the 
glass plate to unnecessary stress. 

Figs. 8(a) and 8(b) show typical results of the observations 
with absolute pressures plotted against position along the nozzle 
axis. In these curves it will be seen that, at the point where 
condensation occurs, there is an abrupt halt in the fall of pressure. 
After the condensation point is passed the expansion continues 
as before. This unexpected feature was at first dismissed as an 
error in the manometer reading but it was repeated with such 
consistency that it must be accepted as an actual occurrence. 
A similar irregularity in the pressure-expansion curve was 
noticed by Prof. C. A. Robb in his work on recompression in 
nozzles, carried out at the Johns Hopkins University in 1931-32, 
but not yet published. The phenomenon was attributed by him 
to roughness in the nozzle wall, but this is improbable because the 
irregularity always coincides with the condensation point, and 
does not remain at the same spot in the nozzle when the pressure 
conditions are varied. It is probably due to the fact that the 
rapid increase in the specific volume of the steam, caused by the 
liberation of the latent heat of the condensed moisture, is not 
compensated by the increase in velocity and so must result in an 
increase in pressure, or in sustained pressure with increasing 
nozzle areas. 

The pressure-distance curves, Figs. 8(a) and 8(b) show that the 
steam invariably over-expands and then recompresses to the back 
pressure. When in recompression the steam reached the pressure 
at which condensation originally occurred, a dark spot appeared 
in the nozzle, as in Fig. 13(a), to be followed once more by the 
familiar blue of the scattered light if the pressure again fell below 
the condensation value. The cause for such dark spots was the 
absence of droplets in the dark region. 
droplets when the steam pressure was raised 
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sections of the nozzle were illuminated by the use of a narrow slit 
The center of the 
nozzle seemed to be at a higher pressure than the outer portions 
so that condensation could exist in the outer sections of the steam 
while the central part might be transparent and hence devoid of 
condensation. This was a source of error which had to be guarded 
against because, if the entire cross-section of the steam were 
illuminated, the condensation might appear to be continuous, 
whereas in reality, the central portion at which the pressure was 
being measured might be quite free from condensation. 
to be sure that condensation was actually occurring at the point 
where the search tube was measuring the pressure, a slit was used 
to confine the light to the vicinity of the search tube. 
shows the illumination confined to the search tube section, with 
the search tube and the pressure holes clearly visible. 
shows the effect of illuminating the entire cross-section of the 
nozzle, with the search tube almost hidden by the mist. 

With nozzle No. 1, condensation appeared as a blue mist, and 
the blue color was maintained throughout the length of the 
nozzle, which indicates that there was no growth of the droplets 


through which the light entered the nozzle. 


during their passage. 


In order 


Fig. 6(a) 


Fig. 6(0) 


If growth had occurred, the blue light 


would have changed in color toward the red, and the intensity of 


the scattered light would have increased. 


above the condensation value is evidence 
in favor of the supersaturation theory, which 


contends that droplets of a given size can : 
exist only when the actual pressure of the 


surrounding vapor exceeds by a certain SEB ATS 
amount the saturation pressure of the liquid ' 
for the existing temperature. When this 4, 


excess is not present the droplets should 
evaporate, and they apparently do so. 3 


The test shown in Fig. 8(b) was performed 


to study the effect of variations in the back +67 OIA 


/ 
/ 
pressure, the inlet pressure remaining fixed 4 | 


~ 


at 34.8 lb persq in. abs. In curves Nos. 1, SLL) 49 + 
2, and 3, in which the back pressure was be- 


low 20.0 lb per sq in. abs, condensation oc- TK 
curred at the same point in the nozzle and at SAIA 


eS 


TABLE 1 SUMMARY OF RESULTS OF TESTS ON NOZZLE NO. 1 
Test Cond. r X 10, 
Point no. abs th pres. 8 cm 
A 50-1 64.7 303 34 198.4 3.05 6.69 
B 45-2 59.7 297 31 190.4 3.29 6.39 
C 40-2 54.8 292 29 188.4 3.22 6.57 
D 35-2 49.7 307 22 176.4 3.17 6.86 
E 30-2 44.7 303 18.7 164.4 3.56 6.46 
F 25-4 39.7 302 16.1 158.4 3.54 6.58 
G 20-2 34.7 309 11.5 135.4 4.49 5.90 
H 15-2 29.7 286 11.9 144.4 3.69 6.63 
I 12.5-1 27.3 295 9.4 128.4 4.31 6.19 
J 11-1 25.9 295 8.75 126.4 4.34 6.24 
K 5-3 20.0 289 6.3 113.4 4.54 6.25 
L 2.7- 17.5 295 5.3 112.6 3.89 6.97 
M 0-1 14.4 270 4.4 .4 5.51 5.87 
N 0-3 12.8 285 3.3 4 5.64 5.95 
oO 0-2 11.3 283 2.9 2.4 5.30 6.17 
This disappearance of the Stodola 71 Sat. 38.2 3.1 
2c 
rove 1200 
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the same pressure, 13.9 lb per sq in. abs. 


The abrupt halt in the fall of pressure at the 
condensation point is evident. 


A 4 
"OAS 
In curve ) 


No. 3, the recompression reached the con-  g 


densation pressure and the droplets re- 


evaporated. Incurve No. 4, the back pres- 


sure was so high that the condensation kL 


pressure was not reached and no condensa- 


tion was seen. 

The pressure along a vertical section 
through the nozzle did not appear to be con- 
stant. This was noticeable when different 
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The data from the tests on nozzle No. 1 are tabulated in Table 
1, which also contains the results of the calculations of the super- 
saturation ratio and the droplet radius for each condition. On 
Fig. 9, a revised Keenan Mollier chart, the condensation points 
found with nozzle No. 1 are located in the manner described in 
Section 4. The condensation points lie between the 3 and 4 per 
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cent moisture lines, and the line which is faired through them will 
be referred to as the Wilson line. Point S at the high pressure 
end of the Wilson line is the point found by Stodola. 

It may be objected that there is a possibility of condensation 
occurring in droplets too small to be seen. This is improbable, 
because particles of any finite size, including molecules, scatter 
light to a noticeable extent. The scattering of light by steam 
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molecules was studied to establish this point and it was found by 
another experiment that a beam of concentrated arc light could 
be plainly seen in an atmosphere of superheated steam, just as a 
searchlight beam can be seen in the sky at night. The scattered 
light was dark blue in color, and, although faint, was bright 
enough to be visible against a black background. Whenever a 
drop of water crossed the beam, the light scattered by it stood 
out with great intensity. From this experiment, as well as from 
the work of many physicists (50) it may be concluded that any 
droplets resulting from condensation will be visible. 

In Fig. 11 the supersaturation ratios at various temperatures 
are plotted against those temperatures. A mean value of the 
drop radius in Table 1, calculated by the von Helmholtz equa- 
tion, is about 6.2 X 10-* cm, which agrees with the values of 
Wilson, Powell, and Stodola. 

Equation [13], we have: 
Y 
62x 10-8 1.15 
2.54 X 12 


x 10’ 


Taking the proper values of y, the surface tension, from Fig. 10, 
and of D, the water density, from Keenan’s steam tables, and 
solving for S at various temperatures, curve (Y) in Fig. 11 is 
obtained. This curve is a fair representation of the experimental 
points, since as many lie above the curve as below it, and a 
reasonable number lie directly on it. Curve (P) presents data 
obtained by Powell in his experiments, and curve (M) values 
derived by Martin from his substitution of Callendar’s value of r 
in the von Helmholtz equation. The results of the present 


Fig. 12(b) 


Fie. 12 Fitow Turovesr Nozzue No. 1 
{a (upper)—Photographed through a Nicol prism, showing photoelastic 
effect. Initial conditions: 41 lb per sq in. gage, 290 F, 18 lb per sq in. abs 
back pressure. 6 (lower)—Prism turned slightly to show strain lines near 
throat. Conditions same as in case (a).] 


investigation lie between those of Martin and Powell. The 
Wilson line, plotted in Fig. 9, also lies between their versions of 
the line and is closer to that of Martin. 

A drop radius of 6.2 X 10-* em, while only approximate, is of 
a reasonable order of magnitude. The nature of the light 
scattered by the droplets is evidence in favor of a very small 
droplet size. (The optics of small particles is presented briefly 
in Appendix 1.) The intensity of the scattered light is sym- 


— 

| 
bes IS 
| 
| 
4 


oe TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


_ metrical, resembling that shown in (a), Fig. 20. The light scat- 


tered at 90 deg to the incident light is completely plane polarized. 
The color of the scattered light is sky-blue. These three facts 
definitely associate the droplets with Rayleigh’s theoretical 
infinitely small dielectric spheres. 

Seattered light of this character can come only from particles 
whose radius is many times smaller than the wave-length of the 
light which falls upon them. It can only be estimated how 
much smaller they are than that wave-length, but the character 
of the scattered light suggests that the wave-length is from 100 to 
1000 times as great as the radius of the drops. Assuming 6.0 X 
10-5 em as an average value of the wave-length of are light, the 
optical evidence indicates that the radius is in the neighborhood 
of 6.0 X 107% em, which is in good agreement with the value of 


Fig. 1510) 


Fic. 13 Frow Nozzie No. 1 


{a (upper)—Completely illuminated; dark bands indicate recompression 

above condensation pressure with evaporation of droplets. Initial condi- 

tions: 20 Ib per sq in. gage, 287 F, 15 lb per sq in. abs back pressure. 

b (lower)—Photographed after pressure rai to 35 Ib per sq in. gage, 23 

Ib per sq in. abs back pressure. Steam flow breaks away from one side of 
nozzle and continues down the other. ]} 


the radius as calculated from the von Helmholtz equation. A 
reasonable figure for the radius of the droplets formed by the 
condensation of steam in a rapid expansion is therefore 6.2 X 
10 cm or 2.03 X 105% ft. 

The polarization of the scattered light gives rise to another 
interesting phenomenon. Since the glass plate which forms the 
top of the nozzle is under strain, stresses result, and the glass be- 
comes doubly refractive, assuming photoelastic properties. 
Thus if the seattered light is observed through a Nicol prism, 
brilliant colors are visible, corresponding to the stresses in the 
glass. Figs. 12(a) and 12(6) were taken through a large Nicol 
prism, and, although the colors cannot be distinguished, dark 
lines can be seen which represent strains in the glass. These 
strain lines are probably caused by standing waves in the steam. 

Several interesting features of steam flow were discovered 
with nozzle No. 1. Recompression and the breaking away of 
the jet from the nozzle walls, predicted by Stodola (29, p. 93), 
were seen and photographed. In Fig. 13(a) the steam breaks 
away from both sides of the nozzle during recompression, and then 
reexpands to fill the nozzle, while a second recompression is 
evidenced by a second dark band. In Fig. 13(b) the steam 
breaks away from the sides, but instead of returning to both 
walls, it continues down one side. This condition was very 
unstable, the jet alternating rapidly from one side of the nozzle 
to the other. 

The observation of liquid water in steam was fully discussed 
by Thomas (31) and his work is substantiated by this investi- 


gation. It is possible to see drops of water in flowing steam and 
the absence of moisture can be detected by the transparency of 
the steam. The light scattered by the steam molecules is so 
faint that it can be seen only against a perfectly black background; 
hence dry steam appears transparent. The moisture entrained 
in the entering steam appears as relatively large drops, a few 
hundredths of an inch in diameter. As the steam is accelerated 
through the nozzle, however, the large drops are broken up into 
much smaller droplets in the manner explained by Soderberg 
(28). This feature was not fully investigated in the present 
research and Soderberg’s paper suggests an interesting problem 
which could be attacked profitably with the methods used in this 
work. 

Summarizing the results so far presented, it is very improbable 
that any condensation will occur in the expansion of steam 
through a convergent-divergent nozzle of the type used in these 
tests until the steam has reached the condition approximately 
represented by the region between the 3 and 4 per cent moisture 
lines on the Mollier chart. When this region is reached, con- 
densation apparently takes place on a vast number of tiny 
nuclei. The radius of the drops thus formed appears to be about 
6.2 X 10-§cem. When the steam in recompression again reaches 
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the pressure at which condensation occurred, most, if not all, 
of the droplets seem to reevaporate, appearing again if the 
pressure once more falls below the condensation value. Only 
blue light, completely plane polarized when observed at right 
angles to the incident light, was to be seen in the nozzle. It 
is highly probable therefore that there is no growth of the drop- 
lets as they pass through the nozzle. 

The effect of supersaturation upon the flow of steam has been 
treated in detail by Stodola (29), Goodenough (16), and others. 
It may be concluded that supersaturation always occurs in the 
expansion of saturated steam, and for that reason the formula 
for superheated steam should be used to calculate the flow of 
saturated or slightly wet steam through nozzles. The actual 
effect of supersaturation in turbine operation is small, but, as 
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has been pointed out previously, there is a certain loss of avail- 
ability caused by the increase of entropy which accompanies 


condensation and the establishment of thermal equilibrium. 


This loss may amount to as much as 4 per cent of the isentropic 


enthalpy drop from the saturation line to the Wilson line. 
Prof. J. H. Keenan of the Stevens In- 
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condensation which began as a trace of bluish haze and rapidly 
became more dense as the ultimate-condensation curve was 
approached. Fig. 15 shows a photograph of the flow in nozzle 
No. 2 obtained by focussing the light from the are at the low- 
pressure end into a sharp beam. The preliminary condensation 


stitute of Technology suggested that nozzle = a, - 
No. 1 be replaced by another designed to 1200 
give a less rapid expansion in the region _—_ a 
where supersaturation occurs. The nozzle EL EGG TAAL 
chosen for this purpose, No. 2 in Fig. 5, had : 
a rounded inlet identical to that of No. 1, 
but a 1.0 in. straight section was interposed AZ, ‘ Ad ( XT 
between the convergent and the divergent 7, 
portions. As shown in Fig. 14, this design CoxtD 
a rapid expansion through the rounded “PA 
section, followed by a relatively slow drop in , 
pressure through the straight throat. Addi- {Be 4 3 
place in the diverging portion. Lyf) LY | 

The condensation which occurred in 7 ‘a4 2 > 
ance from that encountered with No. 1. Va GZ é 
Observations of the flow through nozzle 7 cL 
No. 1 showed that there was a distinct A> 
and relatively sharp curved line, concave A 47 | “a 
toward the high-pressure end, which marked 10 A J ive, 
the beginning of condensation. A line of Condensation Le L (/ 1060 
demarcation was thus provided between 1k / DKA J+ | 
the transparent superheated steam and the "7 8 "9 j 


misty wet steam. With nozzle No. 2 the 
cond I 


Fie. 15 Nozzue No. 2 
(Illuminated from low-pressure end by sharply focussed beam. 


Preliminary 

condensation can be seen before curved line denoting ultimate condensation. 

Initial conditions: 28 lb per sq in. gage, 288 F, 15 lb per sq in. abs back 
pressure.) 


pressures measured at that curve for varying initial conditions 
were found to lie on the Wilson line shown on Fig. 9. The term 
“ultimate condensation” will be applied to that which occurs 
at the Wilson line to distinguish it from the “preliminary con- 
densation” which is about to be discussed. 

The concave curve in nozzle No. 2 was preceded by a slight 


TABLE 2 SUMMARY OF RESULTS OF TESTS ON NOZZLE NO. 2 


Test q Cond. r X 10, 
Point no. de t pres. te 8 cm 
Preliminary Condensation 

Ai 45-1 59.8 298 37.0 218.0 2.24 8.7 
Bi 40-1 54.8 292 34.0 214.0 2.23 8.86 
Ci 35-1 49.8 297 31.0 219.0 1.86 11.28 
Di 30-1 44.8 285 29.0 213.0 1.94 10.67 
Ei 25-1 39.8 295 23.0 204.0 1.84 11.98 
Fi 20-1 34.6 293 19.5 199.0 1.74 13.28 
Gi 15-1 29.8 291 14.0 170.4 2.32 9.52 

Ultimate Condensation 

A: 45-1 59.8 298 30.0 183.4 3.54 6.17 
Be 40-1 54.8 292 27.9 175.0 4.11 5.93 
C: 35-1 49.8 297 23.5 183.4 2.94 7.15 
Ds: 30-1 44.8 285 21.0 164.4 3.99 5.89 
25-1 39.8 295 17.5 164.4 3.33 6.78 
F: 20-1 34.8 293 15.0 159.4 3.21 7.11 
0 98.4 9.88 


;LIMINARY AND ULTIMATE CONDENSATION FROM ON Nozz_e No. 2 


can be seen and the curved line which denotes ultimate condensa- 
tion is also visible, although slightly different in shape from that 
in Fig. 6. 

In order to study this preliminary condensation, of which no 
trace had been found in nozzle No. 1, a series of tests was made 
as before with inlet pressures ranging from 10.0 to 45.0 lb per 
sq in. gage. Fig. 14 shows typical pressure-distance curves, 
while Table 2 includes the data and the results of the calculations 
of supersaturation ratios and droplet radii. 

Fig. 16 shows the data plotted on the revised Mollier chart 
from which it is evident that while ultimate condensation 
occurs approximately at the Wilson line, preliminary condensa- 
tion appears to take place at points scattered about the 2 per 
cent moisture line. Because of the nebulous character of the 
earliest traces of the preliminary condensation, it is difficult to 
measure the exact pressure at which it begins. This difficulty 
accounts for the wide variations in the droplet radii recorded in 
Table 2 as well as for the scattering of the points in Fig. 16. 

As the droplets formed by preliminary condensation ap- 
proached the line of ultimate condensation, the light scattered 
by the droplets changed rapidly in color from the initial blue 
through green and yellow to red. The red light was immediately 
lost in the more intense blue light scattered by the myriad of 
droplets formed at the curve of ultimate condensation. When 
the blue color disappeared because of recompression of the 
steam above the ultimate condensation pressure, the red again 
became visible. Analysis of these facts indicates that the pre- 
liminary droplets probably begin as very minute particles, 
about 10.0 X 10-8 cm in radius, but grow with extreme rapidity 
until they approach the size of red light waves, about 6.0 x 10-5 
em. Further growth is apparently halted by the crossing of the 
ultimate condensation curve, for the nuclei which come into ac- 
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tion in vast numbers at that line seem to acquire all of the 
available moisture. Coalescence of these drops is probably 
prevented by the high velocity at which they are traveling. 
Soderberg (28) presents curves which indicate that with steam 
velocities above 1200 fps the maximum drop size cannot exceed 
2.5 X 10-5 em if the specific volume of the steam is below 50.0 
cu ft per lb. While this limit is certainly of the correct order of 
magnitude, it is perhaps too low because the drops which caused 
the red light in nozzle No. 2 were undoubtedly as large as red 
light waves, although the steam velocity was approximately 
1600 fps and the specific volume about 20.0 cu ft per lb. 

The nature of the light scattered by the preliminary droplets 
differed from that scattered by the smaller ultimate droplets. 
The intensity was much greater in the direction from which the 
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light came and the polarization was not complete. Moreover, 
the colors other than blue were not visible unless the angle 
of observation was less than 90 deg to the incident light. It is 
therefore probable that the colors were produced by a complex 
interaction of scattering, refraction, and interference, and it is 
impossible to place an accurate limit on the size of the drops. 
The fact that the red light was partially polarized, however, 
indicates that 6.0 X 10-* cm, or 2.3 X 10~ in., is a reasonable 
value for the radius of the largest drops observed in nozzle No. 2. 

The existence of preliminary condensation raised some inter- 
esting questions. Stodola found no traces of such condensation 
nor did the theoretical investigators consider the possibility of 
its existence. Up to the present time it has been assumed that 
supersaturation, if it existed at all, would continue until the 
Wilson line was reached, at which point condensation would 
occur and equilibrium would be reestablished. Dust or other 
foreign particles in the steam would cause the type of con- 
densation mentioned above, but particles large enough to act as 
nuclei would also scatter light with visible intensity before any 
condensation occurs. No such particles were seen in any of the 
tests. 

Tt was hoped that preliminary condensation could be proved ito 


occur upon ions, in which case the conventional theory would be 
vindicated. Condensation earlier than the ultimate was found 
by Wilson (34), Thomson (33), and Barus (7, 8) when electrified 
nuclei were present. In order to study the possible electrifica- 
tion of the droplets, nozzle No. 2 was replaced by No. 2B (Fig. 
5), made of bakelite with brass plates set into the straight 
sections to act as electrodes. When the steam was flowing and 
condensation was occurring as in Fig. 15, a potential of 110 volts, 
de, was connected across the electrodes. There was no apparent 
change in the character of the condensation, nor did reversing the 
polarity of the electrodes have any visible effect. If the drops 
were electrified, it would be supposed that the positive drops 
would be attracted to the negative electrode, and vice versa. 
There was, however, no evidence of attraction or repulsion. 
This test was by no means conclusive because the voltage was not 
high enough to produce a very vigorous attraction and the high 
velocity of the water particles might have obscured any effect 
which existed. 

It was decided to apply another test. If preliminary condensa- 
tion occurred on ions, increasing the number of ions should 
increase the density of the mist which indicated condensation. 
A similar experiment had been performed successfully by Wilson 
and Thomson. The most prolific source of ions which could be 
obtained was the spark from an induction coil. An insulated 
wire was led into the nozzle and so arranged that the spark could 
jump from the wire to the electrodes & ‘9 the bottom of the 
nozzle. When the coil was in operation a strong spark resulted 
but there was no visible effect upon the condensation. This is 
directly opposed to the evidence of von Helmholtz (19) who 
found that electrification of a steam jet increased the condensa- 
tion. The duration of the spark from an induction coil, about 
10-® sec, is probably so short that any effect which occurred 
might not be visible because of the high velocity of the steam. 
The experiments to discover whether the droplets are electrified 
must therefore be regarded as inconclusive and it is hoped that 
more work can be done on this phase of the subject. 

To develop a theory which will explain both the preliminary 
and the ultimate condensation, the tests on nozzle No. 2 must be 
analyzed. A very significant feature is that with an initial 
pressure of 10.0 lb per sq in. gage and a back pressure of 1.0 |b 
per sq in. gage, represented by point H in Fig. 16, no preliminary 
condensation was seen. When the inlet pressure was raised to 
15.0 lb per sq in. gage, point G, preliminary condensation was 
visible. The only apparent difference between these two condi- 
tions was that the velocity of the steam at the condensation 
point was higher in the first case, about 1700 fps, when no pre- 


TABLE 3 SUMMARY OF TESTS ON NOZZLE NO. 3 


, est P, Cond. r X 10, 
Point no. abs t pres. ty 8 cm 
Preliminary Condensation 
Ai: 5-1,2 20.1 284 9.55 166 1.75 14.5 
Bis 10-1,2 24.5 289 11.65 168 2.84 11.3 
GQ 13-1 29.5 294 12.5 158 2.77 8.17 
Cc 13-3 5 290 14.4 173 2.27 9.77 
D 20-1 34.6 294 19.6 201 1.70 13.8 
D: 20-2 34.6 297 17.0 176 2.47 8.76 
E; 25-2 39.7 298 19.7 184 3.01 7.93 
Fi 30-3 34.7 303 19.5 184 2.40 8.79 
Gi 35-3 49.7 307 25.5 198 2.04 10.5 
Hi 40-3 54.7 307 30.7 218 1.86 11.3 
Intermediate Condensation 
En 25-2 39.7 298 18.0 170 3.01 7.89 
F; 30-2 44.7 302 19.5 172 3.10 7.04 
G: 35-2 49.7 303 22.0 172 3.49 6.88 
H: 40-2 54.7 305 28.0 195 2.69 7.57 
Ultimate Condensation 
As 5-3 20.1 287 6.0 104 5.60 5.59 
Ba 10-3 24.5 290 7.6 114 5.26 5.65 
Gs 13-3 28.9 297 9.5 139 3.38 7.03 7 
Ds 20-3 34.9 299 13.0 144 4.07 6.17 
Es 25-1 39.7 303 16.4 162 3.30 6.88 
F; 30-1 44.7 306 18.0 169 3.08 7.16 
2 35-1 49.7 200 22.5 172 3.60 6.22 
Ha 40-1 54.7 305 25.0 171 3.92 5.86 
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— liminary condensation occurred, than in the second, about 1500 
fps. 

The factor controlling the type of condensation to be ex- 
pected under various conditions may be a function of the rate of 
change of pressure with time. Tests carried out on nozzle 
No. 3 (Fig. 5), a simple rounded orifice, lend support to this 
theory. A series of tests was made with this nozzle using inlet 
pressures up to 40.0 lb per sq in. gage and 
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was apparently an intermediate type, being neither preliminary 
nor ultimate, but resembling each in some particulars. The 
pressures at which this intermediate condensation took place 
were slightly above the pressures at the Wilson line. 

When the back pressure was raised to a still higher value, 
preliminary condensation occurred. The condensation first 
appeared as a bluish mist but the scattered light changed rapidly, 


the back pressure was varied in each test. 


Typical results are presented in Fig. 17 and 
_ the data are tabulated in Table 3. 
It was found that the nature of the con- 


_ densation in the jet varied with changes in 


_ the back pressure. If the steam expanded to 
_ a pressure below that of ultimate condensa- 
tion, for the given initial conditions, the jet 
appeared as in Fig. 18(a). There was no 

a preliminary condensation and the concave 
_ ultimate condensation curve of nozzle No. 1 

_ was again visible. In such expansions there 

- was no color other than the blue and the 

7 general nature of the condensation was simi- 


_ lar to that found in nozzle No. 1. The jet 


expanded freely, bending first toward one 
side of the channel and then toward the 


other. The wavy outlines of the jet cor- 


responded to the oscillations in the pressure- 


length curves of Fig. 17. When the inlet 
pressure was raised to 40.0 lb per sq in. 


gage, the steam expanded to fill the entire 4; Preliminary Condensation 


channel, Fig. 18(b) and the dark bands due 7 95 Uteimente |? 


to recompression above the ultimate con- 

densation pressure were quite distinct. 
_ Fig. 19 shows the data obtained from these 

tests plotted on the revised Mollier chart. 


Fig. 18(0) 


Fie. 18 FLow THrovuGs No. 3 


{a (upper)—Initial Conditions: 25 lb per sq in. gage, 300 F, 16 lb per 

8q. in. abs back pressure. 6 (lower)—Photographed after pressure rai to 

40 lb per sq in. gage. Jet expands to fill entire channel. Dark bands caused 
by recompression above ultimate condensation pressure. | 


When the back pressure was raised until the ultimate con- 
densation pressure was not quite reached during the expansion, 
the appearance of the jet changed completely. The well-defined 
wavy outlines disappeared and the initial blue changed to a 

— whitish blue, indicative of larger droplets. This condensation 
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Fie. 19 INTERMEDIATE AND ULTIMATE CONDENSATION 


From Tests on Nozzue No. 3 


through green and yellow to red. The red light was still partially 
polarized, indicating that the droplets were of the same order of 
magnitude as the wave length of red light. 

The supersaturation ratio calculated for the conditions of 
preliminary condensation varies from 2.24 for the highest inlet 
pressures to 1.74 for the lowest. The droplet radius at the be- 
ginning of preliminary condensation ranges from 9.52 to 13.3 X 
10-*cm. The wide variations of droplet radius shown in Table 3 
are probably due to the difficulty in determining the exact pres- 
sure at which preliminary condensation occurred. When the 
values of the supersaturation ratio at preliminary condensation 
are plotted against temperature as in Fig. 11, it is found that they 
ie well below the curve for the ratio at ultimate condensation, 
out that Powell’s curve, if extended, will pass through the group. 
it is also evident from Figs. 16 and 19 that the preliminary 
sondensation points are located near the 2 per cent moisture 
ine, along which fell Powell’s version of the Wilson line (27A). 
It seems quite probable that the condensation observed by 
Powell was a form of preliminary, rather than of ultimate, con- 
densation. 

The type of condensation which occurred in nozzle No. 3 for 
any given inlet conditions could be varied among the three 
types mentioned above by varying the back pressure. The 
nature of the condensation was apparently a function of the 
velocity of the steam and.of the duration of the condensation 
process. If the expansion was rapid and continuous to the ulti- 
mate condensation condition, no preliminary condensation 
occurred, and at the Wilson line a vast number of tiny droplets 
was formed which did not appear to increase in size with further 
expansion. If, on the other hand, the expansion was slow or 
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the back pressure too high, some preliminary condensation oc- 
curred at a pressure higher than that at the ultimate condensa- 
tion condition. The drops thus formed were larger than those 
formed at the Wilson line, and they continued to grow as they 
passed through the nozzle. Growth was apparently halted 
when the drops reached the order of magnitude of red light 
waves. 


7 ReEsv.ts aND CONCLUSIONS 


The primary object of this investigation was to check the 
location of the limit of supersaturation, which, on the Mollier 
chart, is known as the Wilson Line. The secondary object was 
to determine the size of the water droplets formed by condensa- 
tion from the supersaturated state, as their size may have some 
bearing on the erosion of the low-pressure blades in steam tur- 
bines. 

The Wilson line was located by measuring the pressures at 
which condensation occurred in an illuminated nozzle. A series 
of such measurements, covering the range of 10.0 to 75.0 lb per 
sq in. abs in which turbine condition curves cross the saturation 
line, resulted in a number of points, through which the Wilson 
line was drawn. This will provide working data for turbine 
designers. 

The Wilson line lies between the 3 and 4 per cent moisture 
lines on the Keenan Mollier chart, slightly higher than the 
original Wilson line of H. M. Martin. Callendar concluded 
from data on the Lusitania turbines that the Wilson line approxi- 
mately coincided with the 3 per cent moisture line, and this 
investigation indicates that he was nearly correct in this assump- 
tion. 

The radius of the droplets which are formed when condensation 
occurs at the Wilson line is approximately 6.2 X 10-8 cm, a 
value determined by the von Helmholtz equation and sub- 
stantiated by the blue color and complete plane polarization of 
the light scattered by the droplets. 

The theory of supersaturation is verified for rapid expansions 
through simple convergent-divergent nozzle forms, for not only 
do the droplets appear at the pressures theoretically predicted, 
but also they disappear under recompression conditions in a 
manner which can only be explained by the supersaturation 
theory. 

It was found that the behavior of steam in the illuminated 
nozzle could be seen clearly and the phenomena of shock, re- 
compression, and the breaking away of the jet from the nozzle 
walls were observed and photographed. 

A second series of experiments on modified nozzles revealed 
that under certain circumstances condensation could occur be- 
fore the Wilson line is reached in an expansion. The upper 
limit of this preliminary condensation region is close to the 2 per 
cent moisture line on the Mollier chart. Due to the difficulty in 
distinguishing the first traces of preliminary condensation, the 
experimental points obtained in the study of this type are too 
widely scattered to permit definite conclusions to be drawn. 
Evidence indicated that the velocity of the steam in the con- 
densation region is the controlling factor. The tests for electrifi- 
cation of the droplets, although inconclusive, indicate that 
electrical methods for removing moisture from the low pressure 
sections of steam turbines are not likely to succeed. 

With nozzle No. 1, the evidence is reasonably conclusive that 
there is no growth of the droplets during their passage through 
the nozzle. Growth of the droplets would cause the nature of 
the scattered light to undergo drastic changes which could 
easily be observed. The color, intensity, and polarization of the 
scattered light remain constant throughout the length of the 
nozzle, however, and there could have been no appreciable change 
in the size of the droplets. 
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With nozzles Nos. 2 and 3 it was found that the drops which 
are formed in preliminary condensation grow very rapidly from 
their original radius of about 10.0 X 10-* cm to a magnitude 
comparable to the wave-length of red light, about 6.0 * 1075 
em in radius. If, however, the preliminary condensation is 
followed by ultimate condensation, the first droplets cease to 
grow when the latter occurs, probably because all of the available 
moisture is acquired by the vast number of nuclei which become 
effective at the Wilson line. It may be concluded that no addi- 
tional nuclei beyond those present in the dry steam are needed 
to effect complete condensation. 

As yet no explanation can be given for the existence of this 
preliminary condensation. It was found to occur only when the 
expansion in the supersaturated region was slow or interrupted. 
This suggests that long parallel sections of converging nozzles 
in the low pressure stages of steam turbines may encourage 
preliminary condensation and the subsequent formation of drop- 
lets large enough to cause erosion of the blades upon which they 
are discharged. 

Appendix 1 contains a brief presentation of the optics of small 
particles, and the construction of the revised Keenan Mollier 
chart is described in Appendix 2. A bibliography of the leading 
articles on supersaturation and related subjects will be found in 
Appendix 3. 
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OR the purpose of optical study, small particles must be 

divided into two classes, those smaller than and those larger 
than the wave-length of light. Particles whose diameter is less 
than the wave-length of the light which falls upon them give 
rise to the phenomenon of scattering, which will be considered 
in detail since the droplets encountered in this work seem to be 
of that order of magnitude. Larger particles can be studied 
by means of the light reflected or refracted by them. 

The scattering of light by small particles was studied by Lord 
Rayleigh (34, 35, 36), who developed the following formula 
for the intensity of the light scattered by dielectric spheres, the 
radius of which is many times smaller than the wave-length of 
the light which falls upon them. If J is the intensity of the 
scattered light, 
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This formula gives a 
symmetrical distribu- 
tion of the scattered 
light, with the inten- 
sity twice as great in 
the direction from 
which the light comes 
as in a direction nor- 
mal to it. 

The light which is 
scattered at right 
angles to the incident 
light is completely 
plane polarized, and 
can be extinguished if 
the incident light is 
properly polarized. 
This polarization is 
the distinguishing 
feature of scattered 
light. 

It will be seen from 
Equation [18] that, 
at a given angle of 
observation, the in- 
tensity of the scat- 
tered light varies with 
the sixth power of 
the radius of the 
sphere. Thus a small 
increase in the radius 
will cause a large in- 
crease in the inten- 
sity. Likewise, the 
intensity of the scat- 
tered light varies inversely as the fourth power of the wave- 
length, so for a given particle size the short wave-lengths will 
be scattered much more vigorously than the long and the 
scattered light will be blue in color. This blue color is the 
characteristic by which light scattered by very small particles can 
be identified. 

There is no lower limit in size below which particles will not 
scatter light. Any particle of finite radius will scatter light to 
some degree, and the scattering can usually be observed if the 
proper care is taken. Strutt (58) has studied the scattering of 
light by the molecules of many gases. He found that the scat- 
tered light when examined spectroscopically was the same as the 
incident light except that the longer wave-lengths had been re- 
moved. 

Mie (50), Shoulejkin (57), and Blumer (41-44) have studied 
the scattering of light by particles of all sizes. The work of 
Shoulejkin is of particular interest here because he has calculated 
the intensity of the light scattered by small dielectric spheres, 
in which class water droplets must be considered. He has repre- 
sented graphically in polar coordinates the intensity of the light 
scattered by spheres ranging in size from infinitely small to equal 
to the wave-length of the incident light. In (a), (b), and (c), Fig. 
20, the total length of any vector, as f, represents the total 
intensity of the light scattered along that vector, the incident 
light coming from the left. The portion of the vector between 
the inner and the outer curves represents the fraction of the light 
which is polarized. For infinitely small spheres, the scattering, 
following the Rayleigh formula, is symmetrical, and the polariza- 
tion is complete at an angle of 90 deg to the incident light, as in 
(a). 

In the radiation from particles whose diameter is about 1/s 


(a) Scattering by Infinitely 
Small Dielectric Spheres 


(6) Scattering by Spheres 
of Diameter= 


(c) Scattering by Spheres 
of Diameter =A 
Fig. 20 GRAPHICAL REPRESENTATION OF 
LiGHT SCATTERED BY SPHERES 
(Sizes ranging from infinitely small! to a diameter 
equal to the wave-length of the incident light.) 
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the wave-length of light, as in (b), the polarization is nowhere 
complete and its maximum is shifted from 90 deg to the higher 
angles. The intensity is no longer symmetrical but is noticeably 
greater in the direction from which the light comes. 

With particles of diameter equal to the wave-length, as in 
(c), the assymmetry is still greater, and the intensity is far 
greater in the direction of the incident light than in the opposite 
direction. The scattered light is only slightly polarized. 

According to Shoulejkin, the nature of the scattered light does 
not change until the dimensions of the particles have become 
so great that one can just begin to study their behavior by 
applying the laws of interferenc2, refraction, and reflection of 
light. Such particles are of microscopic dimensions and can be 
measured by various methods, an excellent discussion of which 
is given by Whytlaw-Gray and Patterson (60). 


Appendix 2 


A METHOD OF COMPUTING THE PROPERTIES OF 
SUPERSATURATED STEAM 


T has been found that, in the region near saturation, the 
isentropic expansion of superheated steam can be expressed 
with a high degree of accuracy by the equation: 


= 


ohne 1 and 2 denote the initial and final conditions, 
respectively. 

Since supersaturated steam expands in the same manner as 
superheated, it may be assumed that the same law is applicable 
to both. If, therefore, a given superheated condition is assumed, 


1180 
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4 4 
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1.68 1.70 1.72 1.74 1.76 1.78 
Entropy 


Enthalpy 


Fic. 21 Larce-Scate ReEepropuction or PortTIoN oF REVISED 
KEENAN CHART 


it is possible to calculate the specific volume of superheated or 
supersaturated steam at the same entropy and at any desired 
lower pressure, from the equation: 


V 
of 
<Calcu/ated Point 
14 
i} 
| = 
0.77 
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Since the work done in an adiabatic isentropic expansion is 
equal to the change in enthalpy, 


144 1.3 
he = hi — (piti — Pode). [21] 


where 7; and p, are in lb per sq in., and », and v2 are in cu ft per 
lb. Since hi, m1, and are known, and can be calculated 
from Equation [20], it is possible to compute h, for any desired 
lower pressure. 

Over a small range we may apply the perfect gas relationship 


Pils _ Pads 


to calculate 7; ana consequently é. Thus all of the properties 
of supersaturated steam can be obtained for any desired pressure. 

In order to plot the revised Keenan chart used in Fig. 9, it 
was necessary to have at least five entropy-enthalpy values for 
each pressure line. Accordingly, eighteen points were chosen 
for entropies between 1.60 and 1.94. By calculating the isentropic 
enthalpy drop from each initial point to successively lower 
pressures, the required points were obtained. Fig. 21, a large 
scale reproduction of a small portion of the revised chart, shows 
the method of drawing the supersaturated pressure lines. 

The accuracy with which this method can be applied is illus- 
trated by the following sample calculation, in which the calcu- 
lated values should agree with those given in the steam tables. 


Initial conditions: Point 1, Fig. 21: => 


pi: = 30.0 lb per sq in. abs 7 
s = 1.7201 
v, = 14.392 cu ft per lb | 
h, =1178.9Btuperlb 
t; = 280 F 


Assume an isentropic expansion to 23.0 lb per sq in., saturated, 
point 2, Fig. 21: 
8 = 1.7204 
Then 
30 \0-77 

v, = 14.392 33 = 17.65 cu ft per lb 

Keenan’s value for 23 lb (saturated) = 17.63 cu ft per lb 
he = 1178.9 — 0.804 (30.0 K 14.892 — 23 xX 17.65) 
= 1178.9 — 20.58 = 1158.32 Btu per lb 


Since the enthalpy drop from the saturation line to the 12 Ib 
pressure line along the entropy line, with s of 1.7201, is 
= (1158.6 — 1111.4) = 47.2 Btu per Ib bf 
The loss due to supersaturation in this case is . 
1.61 


7.27 3.41 per cent of the isentropic enthalpy drop from 
the saturation line to the 12 lb wet-steam line. 


Appendix 3 
== BIBLIOGRAPHY ON SUPERSATURATION ’ 


(THE numbers appearing in parentheses in the text after proper 
names refer to the following: 


John Aitken, Proc. Roy. Soc., Edin., vol. 11, p. 14, 1880. . 
John Aitken, Trans. Roy. Soc., Edin., vol. 16, p. 14, 1888. 
John Aitken, Trans. Roy. Soc., Edin. ., vol. 35, p. 14, 1881. 
Carl Barus, Phil. Mag., vol. 35, p. 315, 1893. —_* 
Carl Barus, Phil. Mag., vol. 38, p. 19, 1894. 
Carl Barus, Am. Meteor. Jour., vol. 9, p. 488, 1893. a 
Carl Barus, Am. Meteor. Jour., vol. 10, p. 12, 1893. 
Carl Barus, Carnegie Inst. of Wash., Pub. No. 62. 
H. L. Callendar, ‘The Properties of Steam,”’ London, 1920. 

10 H. L. Callendar, Proc. Inst. Civ. Eng., vol. 131, p. 1, 1897-8. 

11 H.L.Callendar, Proc. Inst. Mech. Eng., vol. 53, 1915. 

12 H. L. Callendar, Encyl. Brit., 11th Ed., ‘‘Vapours,” ‘‘Con- 
densation.” 

13. H. L. Callendar, Proc. Roy. Soc., vol. 67A, p. 266, 1900. 

14 H.L. Callendar, Proc. Roy. Soc., vol. 80A, p. 466, 1908. 

15 Sir James Ewing, ‘‘Thermodynamics,’’ Cambridge, 1920. 

16 C.A. Goodenough, Power, vol. 66, p. 466, 1927. 

17 H.L. Green, Phil. Mag., vol. 4, p. 1046, 1927. 

18 R. von Helmholtz, Annalen der Phys., vol. 27, p. 509, 1886. 

19 R.von Helmholtz, Annalen der Phys., vol. 32, p. 1, 1888. 

20 Henderson, Proc. Inst. Mech. Eng., Feb. 1913. 

21 Hirn and Cazin, Comptes Rendus, p. 1144, 1866. 

22 Kearton, Proc. Inst. Mech. Eng., p. 993, 1929. 

J. H. Keenan, ‘Steam Tables and Mollier Diagram,”’ 1931. 

(23° H. M. Martin, Engineering, vol. 106, p. 1, 1918. 

24 J.C. Maxwell, “Theory of Heat,” 4th Ed., 291. 7 


WH 


25 Mellanby and Kerr, Proc. Inst. Mech. Eng., p. 85, 1922. 

26 Owens and Hughes, Phil. Mag., vol. 15, p. 746, 1908. 

27 C.F. Powell, Proc. Roy. Soc., vol. 114A, p. 553, 1928. 

27A C.F. Powell, Engineering, vol. 127, p. 711, 1927. 

28 C. R. Soderberg, A.S.M.E. Semi-Ann. Meeting, July, 1933, 
“The Moisture Problem in Steam Turbines.” 

29 A. Stodola, ‘Steam and Gas Turbines,”” New York, 1927. 

31 C.C. Thomas, ‘Observation of Water in Steam.’’ Presented 

A.S.M.E. Ann. Meeting, 1932. 
32 Sir W. Thomson, Lord Kelvin, Proc. Roy. Soc., Edin., vol. 7, 


p. 63, 1870. 
Keenan’s value for 23 lb (saturated) = 1158.6 Btu per lb 33 J. J. Thomson, “Conduction of Elec. Through Gases,” 1921. 
T; = (280 + 459.6) 23 X 17.65 = 695.6 34 G.T.R. Wilson, Trans. Roy. Soc., vol. 189A, p. 265, 1897. 
30 X 14.392 P 35 G.T. R. Wilson, Proc. Roy. Soc., vol. 85A, p. 285. 
t = 236.0F Fee : 36 G. T.R. Wilson, Proc. Roy. Soc., vol. 87A, p. 277. | - 
37 G.T.R. Wilson, Proc. Roy. Soc., vol. 104A, p. 192. 
Keenan’s value = 235.49 F Tens 


For the entropy value S = 1.7201, condensation will occur at 
approximately 12.0 lb per sq in abs. The following example will 
serve to illustrate the loss due to supersaturation: 


Let ps = 12.0lb persq in. abs, point 3, Fig. 21 


8s; = 1.7201 
30 \9-77 
Then v, = 14.392 2 = 29.14 cu ft per lb 
andh; = 1178.9 — 0.804 (30.0 x 14.392 — 12 x 29.14) 
hs = 1113.0 Btu per lb 


From the Keenan steam tables and Mollier chart, for 12.0 lb 
per sq in. abs, wet steam, entropy of 1.7201, 
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Discussion 


A. G. Curistig.* Mr. Yellott’s paper forms a real contribution 
to our knowledge of the properties of steam. Much has been 
written upon supersaturation but this unstable state is so difficult 
to determine by ordinary instruments which measure tempera- 
ture and pressure that all the material previously published has 
been in the form of deductions based on certain theories. Mr. 
Yellott’s optical methods enabled him not only to observe the 
steam conditions in his nozzles but also to measure the droplet 
sizes and the pressures at which these formed. Greater re- 
liance therefore can be placed upon these observations than 
upon any previous data. 

It is a matter of regret that colored photographs of the actual 
jets could not be secured, particularly when polarized light was 
used. These would provide still more convincing evidence of 
the nature of the phenomena and the changes that actually 
take place in the flow of steam. 

While Mr. Yellott’s results have great value, many new prob- 
lems arose in the course of his work. Another graduate student, 
J. T. Rettaliata, is continuing this research in an endeavor 
to determine whether roughness of the nozzle wall surface is the 
cause of the abrupt halt in pressure drop at the moment con- 
densation starts from the supersaturated steam. This step in 
the pressure drop curves was noted by both Prof. Robb and Mr. 
Yellott. 

An attempt will also be made to investigate the pressures at 
which condensation starts with varying nozzle shapes. Mr. 
Yellott found no preliminary condensation with nozzle No. 1 
while with nozzle No. 2 preliminary condensation was usually 
present. We believe that a nozzle can be built between these 
two limiting sizes in which the condensation would be either 
ultimate or preliminary depending upon the pressure conditions. 
When this nozzle is developed and tested, its performance should 
give some clue to the determination of the conditions under which 
either form of condensation may be expected. 

We also propose to try some actual turbine nozzles and to 
study both the supersaturation effects, the loss of contact of jets 
with walls, and the recompression in the issuing jet by means 
of light rays of definite wave-length. 

It is undoubtedly a fact that this supersaturation phenomenon 
has an effect upon the expansion of steam in turbines at the 
saturation line and possibly even throughout the whole section 
of the turbine below saturation. In an earlier paper by Mr. 
Colburn and myself we suggested that supersaturation at the 
last blade row of the turbine may be an influencing factor in blade 
erosion. The influence of supersaturation on turbine performance 
with saturated or wet steam is another problem that has not yet 
been fully analyzed. 

The paper before us will direct attention to these problems 
and as a result of further studies it is hoped that improvements 
in turbine performance may be effected. 


J. Gersupera.‘ The writer would like to know if the author 
made experiments with a mixture of air and steam to bring out 
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what influence, if any, air may have on supersaturation of steam. 
This question is prompted by a rather peculiar phenomenon 
observed in a recent test of heat transfer in experimental con- 
denser tubes. Two test tubes were placed side by side in the 
lower portion of the first pass of a two-pass condenser. One 
of these tubes was new and clean and the other old and dirty. 
The new tube was supplied with fresh water and the old one with 
salt water drawn from the house-service line. It was found 
that for a constant load on the turbine the water in the new 
tube was giving up instead of absorbing heat at the lowest water 
velocity employed in the test, this effect becoming progressively 
less as the water velocity was increased. However, the adjacent 
old test tube displayed a normal behavior, i.e., absorption of 


TABLE 4 


temp, F 
Abs pressure at turbine exhaust, in. Hg 
Abs pressure at hot well, in. Hg 
Air leakage, cu ft per min 


heat from the steam. Table 4 gives some of the test data at a 
water velocity of 2 ft per sec. 

It is to be noted that the two test tubes were located in prox- 
imity of the bank of tubes intended for cooling the air on its way 
to the air offtake. 

Attempts were made to explain this phenomenon as due to 
partial pressures. However, computations do not seem to sup- 
port this contention. They show that on the basis of partial 
pressures the lowest temperature of the fluid enveloping the new 
tube may be about 65 F which is close to 68 F in the hot well. 
The exterior fluid would be thus about 12 F hotter than the 
water at the outlet of the tube when, logically, it should be some- 
what cooler. Also it was thought that, perhaps, a local cooling 
to this fluid was brought about by the 46.3 F inlet temperature of 
the main circulating water. Or is it possible that, notwithstand- 
ing the presence of water drops, a local supersaturation of vapor 
took place because of a comparatively richer mixture of air in 
that part of the condenser? 


J. H. Keenan.§ Supersaturation is a phenomenon which 
yields up its secrets only to the most persistent and intelligent 
observers. Mr. Yellott is one of these. He has presented data on 
supersaturation in an expanding stream that are more compre- 
hensive and more illuminating than anything previously pub- 
lished. 

It is well to recall that there are two classifications of super- 
saturated or undercooled steam. Supersaturated steam of the 
first class is any steam entirely free from water, but at a tempera- 
ture lower than the steam table saturation temperature corre- 
sponding to its pressure. Supersaturated steam of the second 
class is steam in thermal equilibrium with small drops of water. 
This second kind of supersaturation, despite the presence of 
water drops, is undercooled relative to the saturation tempera- 
ture given for its pressure in the steam table, because the steam 
table saturation temperature is correct only for an equilibrium 
mixture of steam with infinitely large drops of water. The 
first kind of supersaturated steam involves no liquid and its 
behavior is much like that of superheated steam. In fact, the 
best available method of determining its properties consists 
of extrapolating the constant temperature lines and other 
characteristics of superheated steam across the saturation line. 

Mr. Yellott’s photographs and the corresponding pressure 
curves show that supersaturation of the first kind exists in 
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nozzle No. 1 down to a certain point at which two things occur: 
First, a dense fog of fine water particles is formed, not gradually 
but with great suddenness, and second, a step occurs in the pres- 
sure curve. It is reasonable to suppose that the steam carrying 
the fog is supersaturated in the second sense, but its degree of 
supersaturation depends upon the size of the fog particles. 

The phenomenon of sudden condensation at a given section of 
the nozzle can be analyzed by means of the equations of cor 
tinuity, energy, and momentum for a steadily flowing streajh. 
Let po and t) represent the pressure and temperature immediagely 
before the nozzle where the velocity is negligible, and let Aub- 
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crossing of the normal and the condensation point are 
shown. 


scripts s and e designate properties of the steam at sections that 
are, respectively, immediately above and immediately below 
the condensation point, Fig. 22. Then the three equations may 
be written: 


Continuity, Vs/v.e = Ve/ve, since ds = de......... [22] 

| Energy, he + V.?/2g = he + Vo?/2g............. [23] 

Momentum, wV./g + pa = wVe/g + ped....... [24] 


where V = stream velocity 
v = specific volume 
a = stream cross-section area 


p = stream pressure 
on w = weight rate of flow apa 
= enthalpy | 


As expansion proceeds from po, te to ps the steam is at first 
superheated but it becomes undercooled steam of the first kind 
: once it has crossed the steam table saturation line. However, 
7 the change in name is not justified by any change in the char- 
: acteristics of the expansion, because undercooled steam of the 
7 first kind has all the characteristics of superheated steam. 
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fme is changed only because a change in characteristics 
yeated by the steam table failed to materialize. Conse- 
ntly, the velocity of the steam at p. and its properties may be © 
und by extending down to p, the characteristics of the ex- 
pansion from po, te to the steam table saturation line. us 


gation shows that within the range covered by Mr. Yellott’s 
tests isentropic expansion in the superheat region follows the 


polytropic 


to a high degree of approximation. This relationship, combined 
with the properties of the steam approaching the nozzle and the 
measured pressure ps, yields hs, vs, and Vs. Equations [22], 
[23], and [24] then become relationships between the four 
unknowns Pe, he, ve, and Ve. 

If we assume for the moment that the fog particles at e are 
infinitely large, that is, more than 1 X 10~® in. in diameter, the 
ordinary table of the properties of saturated liquid and saturated 
vapor yields a fourth relationship between the four unknowns 
and offers the possibility of solution by a ‘‘cut and try’’ process. 
In a representative case for which po and t. were 34 lb per sq in. 
and 297 F and p, was 13.7 lb per sq in. (Fig. 22) the solution 
indicated a pressure at e 3.8 lb per sq in. higher than the pressure 
ats. In other words, to fulfil the requirements of the continuity, 
energy, and momentum equations, the pressure must rise sud- 
denly when a sudden return to equilibrium occurs from the super- 
saturated state. 

The step in the pressure curve at p, serves to confirm this 
result. If a sudden pressure rise existed at this point, a search 
tube with a sampling hole of finite size would round off the dis- 
continuity. Furthermore, since it is unlikely that all of the drops 
form at precisely the same instant, some additional flattening of 
the peak might be expected. However, an approximation to the 
pressure rise corresponding to instantaneous condensation may 
be found from the measured pressures by extending the trend 
of the curve following condensation back to the section at which 
condensation starts and measuring the difference between the 
extrapolated value and the measured value at that point. In the 
following paragraphs the pressure difference found in this fashion 
will be referred to as the measured pressure rise. 

In the case under discussion the calculated pressure rise was 
roughly twice the measured rise, but the discrepancy might be 
explained by the small size of the drops. It seemed likely that if a 
solution of the analysis could be carried out for different drop 
sizes, each, of course, involving a different steam table relating 
Pe, he, and v. for mixtures of that drop size with the corre- 
spondingly saturated steam, the drop size for which the calculated 
pressure rise agreed with the measured pressure rise would be, at 
least approximately, the size of the fog particles formed at s. 

Consequently relationships between pe, he, and ve were found 
for equilibrium mixtures of vapor and water drops of different 
sizes. For this purpose the Kelvin-Helmholtz equation for the 
supersaturation ratio, the Stodola equation for capillary energy of 
the drops and the polytropic exponent 1.316 for steam at tempera- 
tures above the corresponding equilibrium temperature were 
employed. 

The condensation pressure rise for a number of different drop 
sizes was then computed and plotted in Fig. 23. It should be 
noted that the drop size corresponding to zero pressure rise 
upon condensation is the size given by Mr. Yellott. That is, 
Mr. Yellott calculated the drop size starting from the assumption 
that condensation begins as soon as the expanding steam crosses 
the saturated vapor line corresponding to the size of the drop 
formed. In this he was following the precedent set by authorita- 
tive earlier investigators. That condensation does not begin, 
however, as soon as the expanding steam crosses the saturated 
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vapor line corresponding to the size of the drops about to be 
formed is indicated by Mr. Yellott’s own experimental results 
as follows: 


(a) His photographs of nozzle No. 1 do not indicate a 
gradual increase in the number of water particles starting 
from a trace at the saturation point and increasing in numbers 
to a thick fog further on. On the contrary, a thick fog is 
formed suddenly as the steam crosses a definite section. 
It is true that traces of liquid appear in nozzle No. 2 before the 
thick fog is formed, but even here the major condensation 
occurs suddenly 

(b) The step in the curve of pressure through the nozzle 
is an indication of a discontinuity in the sequence of state 
changes through the nozzle. Had condensation occurred at the 
proper saturation line no more discontinuity would have been 
observed than would be calculated from the ordinary steam 
table for isentropic expansion into the moisture region. 


The measured pressure rise for an initial pressure of 34 lb per 
sq in. was about 1.8 lb per sq in. which, according to Fig. 23, 
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corresponds to a drop radius of about 5 X 10~* ft which is about 
two and one-half times the radius, or about fifteen times the 
volume, calculated by Mr. Yellott. 

Whether this same size drop was formed in all of the tests 
on nozzle No. 1 could be learned by comparing calculated pres- 


culations initial 
temperatures were 
taken from the 
curve of Fig. 24 and 

ps was taken from 
the curve of Fig. 25. 
In both instances 
the test values, 
shown as circles, departed little from the curve assumed. Two 
tests were omitted from the analysis, though they conflict in 
no way with its results, because their initial temperatures were 
out of line with those of the other tests. 

The measured pressure-rise values are shown as circles in Fig. 
26. They were obtained before the analytical values were com- 
puted in order to avoid, as far as possible, the influence of per- 
sonal prejudice. 

The condensation pressures, ps, plotted in Fig. 25 show a con- 
sistent trend for initial pressures between 20 and 40 lb per sq 
in. Two tests at higher pressures failed to follow that trend. 
It seemed best to extrapolate the trend to obtain condensation 
pressures for computation purposes until it was found that there 
was no corresponding solution for an initial pressure of 50 lb per 
sq in. It became evident that the requirements of continuity, 


> sure rise with mea- 

sured pressure rise 

in each instance. 

To simplify the cal- 
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energy, and momentum cannot be satisfied for this drop size 
and for the extrapolated condensation pressure. But solutions 
were found at the higher pressure when values of p, were chosen 
from the solid line of Fig. 25 which follows the measured values. 
These solutions give the solid line of Fig. 26. 

The agreement between the circles and the solid curve of Fig. 
26 is evidence of the validity of the analysis. The discontinuity 
in the trend of the condensation pressure data proves, quite 
unexpectedly, to be further evidence in its favor. 

It appears, then, that the expansion of steam in a nozzle into 
the region below the normal saturation line involves complete 
supersaturation until a vapor state is reached which would exist 
in stable equilibrium with droplets of about 2 x 10-* ft radius 
(6.5 X 10-* em), but which is undercooled compared with steam 
in equilibrium with any larger size drops. From this state some 
of the steam suddenly condenses to form a fog of droplets 5 x 
10-* ft radius and releases energy sufficient to bring the surround- 
ing vapor into substantial equilibrium with these relatively 
large drops. This process is essentially irreversible as indicated 
by the suddenness with which it occurs, but gradual condensa- 
tion to drops of 2 * 10-* ft radius would have been reversible 
except for friction between vapor and droplets. Irreversibility 
does not mean that the drops cannot be reevaporated upon 
compression of the vapor carrying them. It means only that 


some “hysteresis” effect must accompany such reevaporation. 


Thus, a vapor which expands to a state undercooled relative 
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(Circles are values obtained from test curves. The solid line is calculated 

using values from the solid line of Fig. 25. The broken line is based on the 

broken line of Fig. 24 for which solution became impossible between 45 and 
50 lb per sq in. initial pressure.) 


to the size of drop subsequently formed must be compressed 
after condensation to a temperature markedly higher than that 
at which condensation occurred before all drops are evaporated 
again. 

The discontinuity in the course of the pressure which charac- 
terizes the condensation point is doubtless evidence of further 
irreversibility. In fact it is not very different in nature from the 
shock effects occurring in the diverging portions of nozzles dis- 
charging against a back pressure higher than the throat pressure. 
It results in a kinetic energy loss in excess of the amount usually 
calculated for supersaturation by assuming that condensation 
proceeds, however irreversibly, at constant pressure. Table 5 
compares the kinetic energy in a stream which expands from 34 
lb per sq in. 297 F to various pressures for 

(a) isentropic expansion in equilibrium with infinitely 
large drops for all pressures below the normal saturation 
line 

(b) isentropic expansion without moisture (pr = 
constant), and 

(c) isentropic expansion without moisture to a pressure 
below the final pressure followed by sudden compression to 
the final pressure simultaneous with the formation of infinitely 
large drops. 

The difference between (a) and (6) is what has hitherto been 
called the supersaturation loss. The difference betwonn (a) : and 
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(c) is a somewhat larger value by virtue of the shock effect and is 
doubtless more nearly correct for this case. The differences be- 
tween the losses calculated by the two methods are rather small 
and somewhat irregular, perhaps from slight steam table irregu- 
larities. They indicate, however, that the shock effect increases 
the loss by about 1'/, per cent of the kinetic energy if condensa- 
tion forms as very large drops. Computations have not been 
made for drops 5 X 107° ft in radius but it is likely that they 
would show an additional loss of about 5/s per cent instead of 
11/4 per cent. 

It is of some importance to know whether condensation occurs 
in the steam stream of a turbine in the constant pressure fashion 
or in the shock fashion. In general it may be said that con- 
densation will occur where the pressure of the stream is falling 
since once a stream reaches a given pressure without condensa- 
tion no continuance at that pressure will result in condensation 
(except on cold walls), particularly if the temperature of the 


TABLE5 KINETIC ENERGIES AND SUPERSATURATION — 
FOR EXPANSION FROM 34 LB PER SQ IN. AND 297 F 


(Condensation on infinitely large drops) 
Kinetic energy at final 


pressure Btu/Ib 


Super- Super- 
Final Equi- saturation saturation 
pressure, librium constant p shock 
lb per with large conden- conden- 
sq in. drops sation sation 
6.89 114.4 


12.63 
17.51 


Loss in kinetic energy 
Const. p hoc 
conden- 

sation 


a—b 
Btu/lb % 


conden- 
sation 


a—e 
Btu/Ib % 


stream is rising because of friction. A stream which is falling 
in pressure along its direction of motion is generally constrained 
by walls or by dynamic limitations to a certain sequence of cross- 
section areas and under such conditions the equation of con- 
tinuity will doubtless be valid when applied to the two sides of 
the condensation section. Consequently, it is logical to assume 
that this shock type of condensation is the important type to 
the turbine designer and it will justify further study. 

Mr. Yellott should be strongly urged to investigate further 
these supersaturation and moisture region phenomena about 
which much has been said and little has been known. It is 
of great importance to find out what happens in stages succeeding 
the initial condensation stage. Does supersaturation persist in 
each succeeding nozzle, or does the presence of the original 
fog inhibit it? On the answer to this question hinges our further 
understanding of moisture region phenomena in the steam 
turbine. Various authorities on steam turbine design have 
agreed that the loss due to moisture and supersaturation com- 
bined, affects the efficiency of a turbine stage slightly more than 
1 per cent for each per cent of moisture present. One authority® 
has attributed practically all of this effect to supersaturation. 
Others’ show that the entire moisture region loss might be readily 
accounted for by friction between steam and water particles. 

Would it not be possible to feed the glass walled nozzle with 
steam from a turbine stage? A suitable moisture content might 
be found by tapping the proper stage of a multistage turbine. 
Large water drops swept from metal surfaces could be largely 
eliminated by a centrifugal separator leaving only the fine fog 
within the stream. Then, photographs and pressure tube 
explorations might tell something of how condensation progresses 
in these later stages, whether continuously or by shock effects. 
Something might be learned concerning the relative distribution 
of water between the minute fog particles, which probably 
result in but small friction loss between steam and particle, 
and the relatively enormous drops which are swept from surfaces 


* H. M. Martin, Engineering, vol. 106, p. 1, 1918. 
7 G. A. Goodenough, Power, vol. 66, p. 466, 1927. 


and which require large friction forces as their speeds are alter- 
nately increased and decreased down through the turbine. 


F. W. Garpner.® Mr. Yellott’s results seem to give a very 
satisfactory confirmation of the work of others who have carried 
out research in the same field, and the existence of supersatura- 
tion in a simple nozzle seems now to be well established. Our 
difficulty in actual turbine work is that we have never been able 
to obtain any satisfactory evidence that it occurs in turbine 
blades, or at all events, that it has any appreciable effect on the 
turbine performance. 

It is questionable whether the drop size, as deduced from the 
saturation experiments, has an important influence on the 
problem of blade erosion. The drops that produce erosion 
on the exhaust end blades of an actual turbine are probably 
of a much greater order of magnitude and result from the ac- 
cumulation of water on the preceding blade surfaces. The 
size of drop that can persist under these conditions is discussed 
by Soderberg, and in an ordinary turbine is probably of the 
order of a hundredth of a centimeter in diameter, as compared 
to the figure of 6 X 10~5 centimeters given by Mr. Yellott. 

In connection with the effect of ionization on condensation, 
Sir Charles Parsons and Mr. Dowson carried out some experi- 
ments a few years ago. Following some preliminary experi- 
ments in which a high-tension discharge was observed to pro- 
duce a marked effect on the steam cloud issuing from an open | 
ended nozzle, an apparatus was developed for ionizing the 
steam supply to a small turbine driving a dynamo. In this | 
experiment voltages up to 100,000 were employed and tests 
were made to see if any difference in consumption, speed, or 
output could be detected. These experiments, however, gave a 
negative result, and the performance of the unit appeared 
to be quite unaffected by the introduction of the high-tension 
discharge. 


AUTHOR’S CLOSURE 


The new problems mentioned by Professor Christie have been _ 


the subject of further research carried on by Mr. Rettaliata at 
the Johns Hopkins University and by the author at the University 
of Rochester. It is hoped that the results of this work may be 
presented at a subsequent meeting of the Society, and that 
colored motion pictures will be available to illustrate the optical 
features. 

In response to Mr. Gershberg’s question, the presence of air 
in steam cannot be detected by this method, for the air is quite 
as transparent as the steam. It is probable that the phenomena 
which he noted are due in some manner to the low temperature 
of the main cooling water rather than to supersaturation. 

The author wishes to express his gratitude to Professor Keenan 
for his excellent analysis, which not only gives encouraging 
support to the accuracy of the experimental results, but also 
provides a new theoretical method of attack upon the condensa- 
tion problem. The only amendment to his method which the 
author can suggest is a slight modification of the Stodola equation 
for the capillary energy of droplets. Introduction of an im- 
proved equation for surface-tension results in values slightly — 
greater than those calculated from Stodola’s equation. 

The experimental work which the author has been conducting _ 
with improved apparatus during the past year at the University 7 
of Rochester may supply the answer to some of the questions 
raised by Professor Keenan. A number of interesting and perhaps 
significant facts have been observed, and an attempt is being — 
made to deduce the general laws which control the condensation — 
of flowing steam. 


8 C. A. Parsons and Co., Ltd., Heaton Works, Newcastle-on-Tyne, 
England. 
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Locomotive Counterbalancing 


By LAWFORD H. FRY,! PITTSBURGH, PA, 


The paper offers a method for computing and analyzing 
the counterbalance system of a locomotive. As a result 
of a straightforward simple series of computations, a clear 
and exact picture is obtained, showing the resultant forces 
set up by the rotating and reciprocating parts and the 
counterbalance in any given locomotive. A method is 
also provided for determining the proper counterbalance 
The problems involved are 
of importance to the designer of modern locomotives of 
large size. The day has passed when it is satisfactory to 
provide static balance only for the rotating engine parts 
of a locomotive. Many locomotives now in service, which 
are balanced for static conditions only, have the main 
pair of wheels out of balance dynamically by as much as 


to meet any given conditions. 


proper counterbalancing of the rotat- 

ing and reciprocating parts deserves 

ose attention. Methods used up to a 

w years ago are inexact and allow high 

unbalanced inertia forces, with destruc- 

tive effect on the track. In Europe the 

civil engineers of the railroads require all 

possible protection for the permanent way, 

and as a result correct balancing of loco- 

motives has been common practise. In 

recent years some locomotive engineers 

in this country have adopted methods of 

cross-balancing which have reduced the unbalanced inertia forces 

and have thus cut down the dynamic augment of wheel loads 

produced by these forces. However, the great majority of loco- 

motives designed ten years or more ago are balanced for static 

conditions only. In these locomotives the main axle load on 

the track may be increased and decreased by 20,000 lb or more 

during each revolution. Little argument should be needed to 

show the desirability of avoiding the large and unnecessary 
stresses thus imposed on the track. 

Acceptance of this unnecessary dynamic augment in the axle 
load cannot be excused on the grounds of simplification of design. 
The great reduction in track stresses secured by elimination of 
unnecessary dynamic augment requires only that the counter- 
balance be set a few degrees off the center line of the crank. The 
necessary increase in weight of the counterbalance is small. 


I N MODERN locomotive designing, the 


1 Railway Engineer, Edgewater Steel Company, Mem. A.S.M.E. 
Mr. Fry was born in Richmond, Province of Quebec, Canada, of 
English parents and came to the United States at an early age. 
After schooling in this country and England he studied engineering 
at the City and Guilds Institute in London and the Hannoversche 
Technische Hochschule. He started work in the erecting shop of the 
Baldwin Locomotive Works and was later engineer of tests there. 
Later he became technical representative of the Baldwin Locomotive 
Works in London and Paris, returning to this country to become 
Metallurgical Engineer of the Standard Steel Works Company. 
Since 1930 he has been associated with the Edgewater Steel Com- 
pany. He is the author of ‘‘A Study of the Locomotive Boiler’’ and 
of many articles and papers dealing with locomotive and metallurgical 
subjects. 

Contributed by the Railroad Division and presented at the Annual 
Meeting, New York, N. Y., December 5 to 9, 1933, of Taz AMpRICAN 
Socrsty or ENGINEERS. 

Norg: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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400 lb. At “diameter speed,” that is, at as many miles 
per hour as the driving wheels have inches of diameter, 
this lack of balance is sufficient to increase and decrease 
the axle load by over 20,000 lb during each revolution of 
the wheels. Up to the present there has been no adequate 
study of the effect of unbalanced horizontal forces on the 
locomotive. The proposed method of analysis offers a 
simple but accurate basis for such study. It seems prob- 
able that with proper cross-balancing a very large propor- 
tion of the mass of the reciprocating parts can be left 
unbalanced. In the case of the locomotive examined, 
over 80 per cent of the mass of the reciprocating parts is 
unbalanced and the locomotive is reported to ride very 
satisfactorily. 


Some refinements are necessary in weighing the wheels to see 
that they are correctly balanced. These, however, should present 
no real difficulty with adequate mechanical engineering talent 
and proper shop management. 

It is occasionally argued that it is unnecessary to consider 
cross-balancing for certain types of locomotives, because the wheel 
centers are too small to take all of the balance desired. This 
excuse is not valid. It is shown later that even with less than 
complete balance a shift of the center of gravity of the balance 
by about 7 degrees may reduce the dynamic augment on the 
main axle by over 10,000 Ib. The possibility of this reduction 
should not be neglected. 

It is not easy to see why American civil and mechanical rail- 
way engineers have neglected for so long the proper balancing of 
locomotives. Probably one reason for this neglect has been the 
lack of a simple method for analyzing the inertia forces and pre- 
senting the facts. The present paper attempts to fill this gap. 
It offers a complete and accurate method for analyzing the inertia 
effects of the rotating parts of a locomotive engine. The method 
serves a double purpose. In the first place, it shows exactly 
what unbalanced inertia forces are developed by a given loco- 
motive. In the second place, it enables a designer to arrange the 
counterbalance of a locomotive so as to secure the best possible 
results for any given conditions. 

The paper describes in detail all of the computations to be 
carried out and keeps the mathematics down to the inescapable 
minimum. The final results are presented in simple form so that 
they may be readily understood by executives too busy to unravel 
the usual intricacies of cross-balancing. 

It is believed that general use of this method will accelerate 
the progress in improved balancing that has begun in the last few 
years. The present interest in the reduction of track stresses 
by proper balancing is directly traceable to the track stress 
measurements begun in 1913 by Prof. A. N. Talbot for the Ameri- 
can Railway Engineering Association. Mr. C. T. Ripley, of 
the Atchison, Topeka & Santa Fe Railway, cooperated with Pro- 
fessor Talbot in this work and was much impressed by advantages 
to be gained by designing locomotives to reduce track stresses. 
Improved distribution of weight and elimination of flangeless 
tires were tried and found to be efficacious. Professor Talbot’s 
tests also showed that large unnecessary stresses were due to 
imperfect balancing of locomotives. In 1924, Mr. Ripley ar- 
ranged for the cross-balancing of a large Santa Fe type loco- 
motive, and the author worked with Mr. Ripley on the pre- 
liminary computations of the balance for this 
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Mr. Ripley reported to the American Railway Association, 
Mechanical Division, that the experimental locomotive gave a 
satisfactory reduction in track stresses. On this foundation a 
considerable amount of improvement in locomotive balancing 
has been built. In 1930, the Committee on Locomotive Con- 
struction reported to the American Railway Association, Mechani- 
cal Division, a proposed method for dynamic or cross-balancing, 
and in 1932 the committee’s method was adopted by the Associa- 
tion as recommended practise. 

The present paper starts with the American Railway Associa- 
tion’s method of computation and modifies and extends this. In 
addition, a method is provided for a complete analysis of the 
inertia forces of an existing locomotive. Special attention is 
called to the method of presenting the results of this analysis. 
Although entirely accurate, the results are presented in very 
simple form. 

In each pair of wheels all of the inertia forces of the rotating 
parts and of the counterbalances are combined so that they are 
completely represented by two equivalent weights in each wheel. 
These weights act in the plane of rotation of the center of gravity 
of the counterbalance. In this plane one equivalent weight acts 
along the wheel diameter through the crankpin and the other 
perpendicular to this diameter. When this pair of representative 
equivalent weights is set down for each wheel, as shown in Fig. 
2, the exact conditions of balance of the locomotive can be seen 
very readily. The equivalent weight acting along the crank 
diameter represents, in each wheel, the overbalance or under- 
balance acting to balance or to reinforce the inertia forces of the 
reciprocating parts. The equivalent weight acting at right angles 
to the crank is a parasitic effect due to incomplete cross-balanc- 
ing. The resultant of the two equivalent weights at right angles 
to each other, shown by broken lines in Fig. 2, determines the 
maximum value of the dynamic augment. If the parasitic effect 
is large enough to produce an undesirably large increase in the 
dynamic augment, it can be reduced by cross-balancing. 

With this as introduction, the method proposed by the author 
will be considered in more detail. The method is illustrated by 
using it to analyze the inertia forces set up by the rotating parts 
of an existing 4-8-4 type of locomotive. This engine, which has 
been in satisfactory service for about six years, has the main pair 
of driving wheels partly cross-balanced. The locomotive is of 
the 4-8-4 type, with dimensions as follows: 


Weight on first pair of drivers, Ib................-0-055 66,500 
Weight on second pair of drivers (main axle), lb........ 70,500 
Weight on third pair of drivers, Ib...........0...2-00% ,500 
Weight on fourth pair of drivers, lb................... 66,500 
Total weight of locomotive, Ib...........ssccecececece 420,000 


_ When the original design of the locomotive was under con- 


sideration, it was stipulated that at diameter speed, that is, at 
73 mph, the combined static and dynamic rail load of any axle 
should not exceed 75,000 Ib. 

This is a highly intelligent method of setting the limits to be 
worked to in counterbalancing. After each static axle load has 
been established, the difference between this static load and the 
permissible maximum of 75,000 lb is the maximum allowable dy- 
namic augment permitted for the axle in question. From this 
can be computed the amount of overbalance which may be put 
into each wheel to balance the reciprocating parts. 

The locomotive under consideration had the main wheels par- 
tially cross-balanced. The analysis which follows shows that the 
final results in this pair of wheels differed somewhat from that 
aimed at. The deviation is due to two causes. In the first place, 
the eccentric cranks were assumed to be concentrated at the 
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crankpin, while the present more accurate analysis takes into 
account the fact that the center of gravity of the eccentric cranks 
does not fall on the main crank radius. In the second place, the 
position of the counterbalance to give correct cross-balance for the 
rotating parts was determined, and the overbalance for the re- 
ciprocating parts was then added without changing the position 
of the counterbalance. 

The difference between the result aimed at and that obtained 
is not large, but is sufficient to show that any counterbalance 
scheme should be accurately analyzed before the locomotive de- 
sign is accepted as satisfactory. 

All computations necessary for an accurate analysis of the 
system of rotating parts are described in detail in the Appendix. 
A step-by-step method is used, so that those who carry out such 
computations infrequently may be able to follow the reasoning 
involved. 

Before considering the application of the method to the ex- 
ample, a word of explanation of the term “equivalent weight”’ is 
in order. This term has been introduced to simplify the mathe- 
matics and to avoid the necessity for introducing the speed of the 
locomotive. Instead of calculating with “‘masses’”’ or with ‘‘cen- 
trifugai forces,” the “equivalent weights” are used. The inertia 
effect of each rotating mass is represented by its equivalent 
weight. Equivalent weight is defined as the weight of that mass 
which, rotating at crank radius about the axis of the axle, pro- 
duces the same centrifugal force as the mass represented. The 
equivalent weight is assumed to act radially through the center 
of gravity of the mass it replaces. 

If their positions, directions, and magnitudes are taken into 
account, the various equivalent weights can be resolved and com- 
bined just as though they were forces. They of course represent 
forces which are proportional to their magnitudes and to the 
square of the speed of rotation of the wheel. To speak mathe- 
matically, they are vector quantities. 

We now consider the processes by which, in each pair of wheels, 
the inertia effects of all rotating parts, including the counter- 
balances, are resolved into and represented by two pairs of equiva- 
lent weights. One pair acts in each wheel in the plane of rotation 
of the center of gravity of the counterbalance. In each of the 
counterbalance planes, one equivalent weight of the pair acts 
along the diameter through the crankpin, with the other weight 
of the pair acting at right angles to this diameter. 

The main pair of wheels is taken as an example. Weights and 
positions of the rotating masses are assumed to be as given in the 
Appendix. Steps in the analysis are illustrated in Fig. 1. First, 
by the method of section 1 of the Appendix, all rotating parts in 
one wheel, except eccentric cranks and counterbalance, are re- 
placed by a single equivalent weight of 2490 lb acting in a plane 
71.3 in. from the central plane of the counterbalance in the oppo- 
site wheel. (See Fig. la.) The distance between the central 
counterbalance planes is 62 in. This resultant equivalent weight 
of 2490 lb must be resolved into two components, one in each 
counterbalance plane, as described in section 2 of the Appendix. 
When this is done for both wheels of the pair, each wheel has an 
equivalent weight of 2870 lb acting along the crank radius and 
an equivalent weight of 380 lb at right angles to the crank, as 
shown in Fig. 1b. The inertia effect of the eccentric cranks must 
now be similarly resolved into two equivalent weights in each 
counterbalance plane. The method of computation is described 
in section 3 of the Appendix. The result is shown in Fig. lec, 
together with the component equivalent weights already found 
for the other rotating parts. In the left main wheel the inertia 
effect of the eccentric cranks is represented by two equivalent 
weights. One weight, of 156 lb, acts along the main crank radius. 
The other, of 17 lb, acts along the radius 90 deg ahead of the 
erank. In the right wheel the components for the eccentric 
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ANALYSIS OF INERTIA Errects In Main WHEELS 


(la, equivalent weight representing all rotating parts in left main wheel except eccentric cranks and counterbalance. 1b, equivalent weight in counterbalance 


planes representing all rotating parts except eccentric cranks and counterbalances. 


parts except counterbalances. 


lc, equivalent weight representing eccentric cranks and all other rotating 


_ 1d, equivalent weight and position of existing counterbalance and component equivalent weight representing counterbalance. 
le, component equivalent weights representing all rotating parts including counterbalances. 


1f, component and resultant equivalent weights in counter- 


balance planes of main wheels representing combined effect of all rotating parts including counterbalances.) 


cranks are 138 lb along the crank radius and 73 lb at 90 deg 
ahead of the crank. Owing to the position of the eccentric cranks, 
their effect is not symmetrical in the two wheels of the pair.? 

Combining the components of eccentric cranks and other ro- 
tating parts, the result is set down as in Fig. lc, and to this the 
inertia effect of the counterbalance as determined later is added. 
The locomotive under analysis had in each main wheel a counter- 
balance with an equivalent weight of 3170 lb, with its center of 
gravity set in each wheel 8 deg behind the crank diameter. (See 
Fig. 1d.) This can be resolved into two components at right 
angles to each other, as shown in Fig. le. The detailed method 
for this resolution of the counterbalance effect into two component 
equivalent weights is given in section 7 of the Appendix. These 
components are an equivalent weight of 3140 lb along the crank 
diameter opposite the main pin and another equivalent weight of 
441 lb 90 deg behind the first. 

It is now only a matter of simple subtraction to arrive at the 
final result of Fig. 1f. The unbalanced inertia effect of all rotat- 
ing parts including eccentric cranks and counterbalance in the 
left counterbalance plane is represented by an equivalent weight 
of 114 lb along the crank diameter opposite the main pin and 
78 lb at 90 deg back of this. In the right-hand counterbalance 
plane the unbalanced inertia effects are represented by an 
equivalent weight of 132 lb opposite the right-hand crankpin and 


? The author is indebted to Mr. C. H. Bilty, mechanical engineer, 
Chicago, St. Paul & Pacific Railroad Company, for calling attention 


to the desirability of considering the eccentric cranks separately from — 


the other revolving parts on the crankpin. 


by another equivalent weight of 12 lb acting 90 deg back of this. 

Fig. 1f gives a complete representation of the unbalanced 
inertia forces in the main wheels. All rotating parts, including 
eccentric cranks and counterbalances, are covered. In each 
counterbalance plane there are two component equivalent weights 
at right angles to each other. These can be combined into a 
single resultant as shown. 

The main pair of wheels being disposed of, the other coupled 
wheels must be dealt with in the same way. It is convenient to 
use a blank form similar to Fig. 1 for setting down the various 
steps in the calculation, omitting details which pertain only to 
the main wheels. Details of the computations are not given 
here, but the final results for the four pairs of main and coupled 
wheels are shown in Fig. 2. Except in the case of the main pair 
of wheels, the right- and left-hand wheels on each axle have the 
same equivalent weights, and therefore only one wheel of each 
pair is shown. The lack of symmetry in the main wheels is due, 
as explained above, to the position of the eccentric cranks. 

It is important to use a form similar to that of Fig. 2 for show- 
ing the results obtained, as this gives complete information re- 
garding the unbalanced inertia forces in the simplest possible 
form. The information thus given puts the locomotive designer 
in a position to give critical consideration to the balance system 
which has been applied or which is proposed for application. 

The balancing of the locomotive under consideration will now 
be reviewed. Two points are of major importance: the dynamic 
augment and the amount of balance provided for the recipro- 
cating parts. 
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Fie. 2. COMPONENT AND RESULTANT EQUIVALENT WEIGHTS REPRESENTING UNBALANCED INERTIA ForRcES 


The force producing dynamic augment in each wheel is pro- 

_ portional to the resultant equivalent weight shown for that wheel 

in Fig. 2. This force is computed from the resultant equivalent 
weight by the usual formule for centrifugal force: 


F = 0.0000284 WRn?* 

F = force in pounds 

W = equivalent weight in pounds 
R =crank radiusininches 
n = revolutions per minute. 


_ At diameter speed—that is, at a speed of as many miles per 
_ hour as the driving wheels have inches of diameter—the wheels 
make 336 revolutions per minute. At this speed the centrifugal 
force is: 
F = 3.2 RW 


For the locomotive under consideration, which has a crank 
- radius of 18 in., this equation takes the form 


_ That is, the maximum dynamic augment in each wheel is 48 
_ times the resultant equivalent weight in that wheel. Values cor- 
responding to this are shown in line 2 of the tabulation in Fig. 2 
- for all of the wheels. The values here are the maximum values of 

the force which alternately increases and decreases the wheel 
load on the rail during each revolution. The maximum increase, 

- or maximum dynamic augment, occurs in that position of the 
_ wheel in which the resultant equivalent weight is directed verti- 
cally downward. Itis evident that the maximum values for right- 
and left-hand wheels on one axle do not occur at the same time. 
Consequently, the maximum increase in axle load is not the sum 


F=48W 


4 


of the maximum increases in the two wheels. Section 5 of the 
Appendix gives a method for determining the maximum axle 
load and the corresponding position of the wheels when the re- 
sultant equivalent weights in the two wheels are different and 
are set at any angle. If the resultant equivalent weights are the 
same in both wheels of a pair and act at 90 deg apart, the maxi- 
mum axle load occurs when the resultants in both wheels are 
directed downward at an angle of 45 deg from the vertical. The 
maximum dynamic augment for the axle is then 1.414 times the 
maximum for each wheel. In the locomotive under considera- 
tion, this is the case for all of the coupled wheels except the _ 
pair. 

In the main pair of wheels, the planes through the resultant 
weights and the axis of the axle stand at an angle of 119 deg 15 
min, and the resultants have the values of 138 lb in the left and 
132.5 lb in the right wheel. By applying the method of section 5 
of the Appendix, it is found that the equivalent weight producing 
the maximum axle load is 137 lb. This does not differ greatly 
from the individual resultants in the wheels. 

It should be noted that the relation between maximum axle 
load and maximum wheel load depends on the angle between the 
wheel resultants. The extreme cases are, (1) with zero angle 
between the resultants the increase in axle load is twice the wheel 
load, and (2) with 180 deg between the resultants the increase in 
axle load is zero. 

If the angle between the resultants is large, so that the increase 
in axle load is small, it will probably be desirable to consider the 
increase in wheel load as the limiting factor rather than the in- 
crease in axle load. The axle load measures the influence of the 
locomotive on a track unit such as a bridge, while the wheel load 
determines the influence on an individual rail. a fo 


4 


1% Pair 3°4 Pair Pair 
4 
— 
76A50 74,700 | 
14 
ers 


Returning to a consideration of Fig. 


exceededin the mainandthirdpairsof (4a) 
; wheels. If an analysis had been made a 
in this form before the locomotive ras oS 
ps had been built, it would have beena 
simple matter todetermine the weight 


and position of counterbalances which 
would keep to the desired axle load. 
The general method is described 
in section 6 of the Appendix. In the 
main axle, the maximum dynamic 
augment permissible is 75,000 — 70,500 
= 4500 lb. This corresponds to an 
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= - 3026" 

2: Line 3 shows the maximum dy- 

namic augment per axle at diameter 

speed and line 4 shows the static xo 

axle load. Line 5, the sum of the two ' - 0 

preceding lines, gives the maximum 

combined static and dynamic axle 

load at diameter speed. Asmentioned 

above, it was intended when design- — 

ing the locomotive that this combined Piasaee 4 

axle load should not exceed 75,000 Ib. 

This limit is observed in the front- 

and back-wheel pairs, but is slightly = 
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equivalent weight of 94 lb on the 
axle. If the resultants in the wheels 
are equal and act at 90 deg apart, the 
value of each will be 66.3 lb.* Assume 
then that each of the main wheels is 
to be balanced so that the resultant 
producing dynamic augment in the 
wheel is 66 Ib. It is desirable to elimi- 
nate any parasitic effect and to have 
the full weight of this resultant acting opposite the crankpin so 
as to be available for balance of the reciprocating parts. 

In the left main wheel, the rotating parts are represented as 
shown in Fig. 3a by equivalent weights of 3026 lb along the crank 
diameter and 363 lb acting 90 deg back of this. To produce the 
desired balance, the components of the counterbalance must be 
363 Ib opposing the same weight at right angles to the crank, and 


Fie. 4 


¥2900* 3637 


INCORRECT AND CorRECT PosITIONS FOR INSUFFICIENT COUNTERBALANCE 


(4a,-component equivalent weights with insufficient counterbalance placed opposite crankpin. 
ponent and resultant equivalent weights representing unbalanced inertia forces of arrangement 4c. 4c, 
position of insufficient counterbalance to give least possible unbalanced inertia force. 

lent weight representing unbalanced inertia force resulting from arrangement 4c.) 


(4d) 


4b, com- 


4d, net equiva- 


3113 lb and changing the angle from 8 deg to 6 deg 42 min, the 
unbalanced resultant equivalent weight is reduced from 138 to 
66 lb, with a reduction of 3350 lb in the dynamic augment of the 
wheel at diameter speed. 

This illustration shows that when the present method is used 
to resolve the inertia effects into two equivalent weights in each 
wheel, it is a simple matter to determine the balance required 

to meet any desired conditions. 


By applying the same method to 
the right-hand main wheel, it is 
found that for complete balance, ex- 
cept for an overbalance of 66 lb op- : 
posite the pin, the counterbalance 
‘ must have an equivalent weight of 
3107 lbset8 deg 23 min off the diame- 
oes ter. The difference between the 
Vs092 counterbalance found for the right- 
3092 and left-hand main wheels is not 
Counterbalance large. It is desirable for practical 
(3a) (3b) (3c) reasons of manufacture to make 
Fie. oF CoUNTERBALANCE To Give ComMpLETE Cross-BALANCE both wheels the same. A satis- = 
AND DgsIRED OVERBALANCE OF 66 LB factory balance can be obtained by n 


(3a, equivalent weights representing rotating parts to be balanced in left main wheel. 3b, component 
equivalent weights representing rotating parts and desired counterbalance. 3c, components and resultant 
equivalent weight giving counterbalance desired.) 


giving the actual counterbalance in 
both wheels an equivalent weight 


3026 + 66 = 3092 lb opposite the pin, as shown in Fig. 3b. 

These components, when combined as in Fig. 3c, show that the 

counterbalance itself must have an equivalent weight of 3113 lb, 

with its center of gravity set 6 deg 42 min back of the crank 

diameter. Comparing this with the counterbalance as applied, 

it is seen that by reducing the equivalent weight from 3140 lb to 
*66.3 X 1.414 = 94. 


of 3110 lb set at an angle of 7 deg 30 
min off the diameter. This weight and angle are obtained by 
averaging the values found as above for the right- and left-hand 
wheels. With this counterbalance the left wheel will have an 
overbalance of 56 lb and a resultant of 71 lb, while the right 
wheel will have an over-balance of 74 lb and a resultant of 87 lb. 
The left wheel is slightly underbalanced and the right wheel 
slightly overbalanced, but the difference is not serious. 
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In addition to the main pair of wheels, it will be seen from Fig. 
2 that the third pair also exceeds the proposed limit of 75,000 Ib 
for combined static and dynamic load. The dynamic augment 
exceeds the estimated figure by 1450 lb, because the wheels were 
not cross-balanced. Cross-balancing would have involved chang- 
ing the equivalent weight of the counterbalance from 1130 to 
1133 lb and moving its center of gravity 4 deg 30 min away from 
the crank diameter. This would eliminate the parasitic effect of 
89 lb, leaving the overbalance the same, 117 lb, and reducing the 
resultant producing dynamic augment from 147 to 117 lb. This 
reduction of 20 per cent in the dynamic augment is well worth 
considering if the locomotive is being built to a closely restricted 
weight. 

In the fourth pair of wheels, the desired overbalance opposite 
the crankpin is 116 lb. The parasitic effect which could be elimi- 
nated by cross-balancing is 34 lb. These produce a resultant 
of 121 lb. Cross-balancing by eliminating the parasitic 34 lb 
would reduce the equivalent weight, producing dynamic augment 
from 121 to 116 lb—that is, by only 4.1 per cent. The reduction 
is hardly enough to be worth while. 

As a general rule, it may be noted that unless the parasitic 
effect to be eliminated by cross-balancing amounts to more than 
30 per cent of the overbalance the reduction in the resultant 
produced by cross-balancing will not be more than 4.5 per cent, 
and therefore hardly justifies the additional complication. 

Before leaving the balance of rotating parts, consideration 
must be given to the desirability of cross-balancing when the 
wheel centers are too small to allow the full amount of balance to 
be applied. Assume that in a main wheel the component equiva- 
lent weights representing the rotating parts are as found for the 
left main wheel of the locomotive already examined—that is, 
3026 lb along the crank radius and 363 lb at right angles to this, 
Assume also that the wheel design limits the equivalent weight 
of the counterbalance to 2900 lb. If this is put exactly opposite 
the pin, as in Fig. 4a, it is obvious that the unbalanced components 
will be as in Fig. 4b, 126 lb along the crank and 363 lb at 90 deg, 
giving an unbalanced component of 384 lb, producing dynamic 
augment. This can be reduced materially by shifting the equiva- 
lent weight of 2900 lb 7 deg 12 min off the crank diameter. As 
shown in Fig. 4c, this gives components of 2877 lb opposite the 
pin and 363 lb at right angles to this. The position is chosen so 
that the component at right angles to the crank diameter is just 
equal and opposite to the component of the rotating parts acting 
at right angles to the crank. The simple calculation required to 
determine the other component is obvious from Fig. 4c. The 
components being 363 and 2877 lb, the tangent of the angle at 
which the counterbalance must be set is 363/2877 = 0.1265, 
which is the tangent of 7 deg 12 min. Combination of the four 
components in Fig. 4c shows that the net unbalanced equivalent 
weight is 149 lb, as in Fig. 4d, instead of 384 lb when the counter- 
balance was directly opposite the pin, as in Fig. 4a. This large 
reduction in the unbalanced force producing dynamic augment 
makes cross-balancing well worth while, even though full balanc- 
ing is not possible. 

Consideration must now be given to the overbalance provided 
for the reciprocating parts. Fig. 2 shows that the overbalance 
amounts to 465 lb on the left-hand and 483 lb on the right-hand 
side. The locomotive under consideration had reciprocating parts 
weighing 2241 lb on each side of the engine. Approximately 80 
per cent of the weight of the reciprocating parts is unbalanced. 
This is very much more than the 50 per cent set up by the Ameri- 
can Railway Association as recommended practise. In spite of 
this, the locomotive rides satisfactorily. 

The fact is that the A.R.A. practise needs further consideration. 
In the first place, there is no logical reason for specifying the over- 
balance as a percentage of the weight of the reciprocating parts. 


The proper course is to consider the unbalanced weight in com- | 
parison with the total weight of the locomotive. The unbalanced 
portion of the reciprocating parts tends to shake the locomotive. 
This shaking is resisted by the inertia of the locomotive as a 
whole. Consequently, the stability of the locomotive is deter- 
mined by the relation of the mass of the whole locomotive to the 
mass of the unbalanced parts. This principle was stated by 
George R. Henderson over twenty-five years ago, but has not re-— 
ceived the recognition it deserved. : 

Henderson suggested that one-four hundredth of the weight 
of the locomotive might remain unbalanced on each side. That 
would be 2.50 lb unbalanced per 1000 lb of locomotive weight. 
The 4-8-4 type locomotive analyzed has 4.2 lb unbalanced per 
1000 lb. Other locomotives analyzed in the same way show 
unbalanced weights of 5.4 lb per 1000 for a 2-8-4 type and 3.8 lb | 
per 1000 for a 4-6-4 type. All are reported to ride satisfactorily. | 

The conclusion to be drawn is that if the rotating parts are 
properly balanced, it is only necessary to balance a compara-_ 
tively small portion of the reciprocating parts. 

Further study of results obtained in practise is desirable, but 
if the reports of such results are to have any vaiue they must be 
based on an accurate analysis of the balance similar to that which — 
has been described. . 

To complete this examination of the inertia forces it is neces- — 
sary to take into account the fact that the inertia forces of the © 
reciprocating parts act in the vertical plane through the center of 
the main rod, while the inertia force of the overbalance acts in the © 
central plane of the counterbalance. This difference in plane can — 
usually be neglected. Its effect is to tend to turn the locomotive | 
about a vertical axis. This tendency will have no perceptible _ 
effect on a long modern locomotive. In adjusting the overbalance 
to offset the inertia forces of the reciprocating parts, it is only | 
necessary to consider the longitudinal forces. The couple about 
the vertical axis due to the difference between the planes of action — 
can be neglected. Cross-balance is therefore not necessary for the — 
overbalance for the reciprocating parts. ; 

In conclusion, the author repeats what he has said before in 
addressing the Society. It is important for railroad engineers to_ 
adopt an accurate method for analyzing the balance of a loco- — 
motive. It is also highly important that the results which are | 
obtained by the analysis be stated in a simple manner free 
from involved mathematics. If this is done, the advantages — 
of proper balancing methods will be self-evident and improve- 
ments will follow. 


Appendix 
Locomotive Counterbalancing 


ScHEDULE OF DaTa AND COMPUTATIONS FOR DETERMINING | 
THE PropER COUNTERBALANCE FOR LOCOMOTIVE 
Drivinc WHEELS 


HE principles of the method and the results to be obtained 

are discussed in the body of the paper. This schedule is drawn 
up to present the detailed methods of computation to be followed — 
in order to secure the results desired. 

Values corresponding to an actual locomotive are inserted for 
each item, and the schedule is arranged so that if it is rewritten 
with biank spaces for the values, it can be used as a work sheet 
for computing any other example. 

The notes at the end of each section define any special terms 
used and provide any necessary discussion of the methods. 

The data as to weights and dimensions called for by the 
schedule must of course be obtained from the design of the loco-— 
motive. 
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Section 1—To Finp THE EQUIVALENT WEIGHT AND PLANE 
OF ACTION OF THE RoTaTING Parts In Each WHEEL 


The schedule given here is drawn to cover the main pair of 
driving wheels. It should be applied successively to each of the 
other pairs of drivers, dropping out the items which do not apply. 
This section of the schedule is illustrated by Figs. 5 and 6. 


1. E = distance in inches between central planes of right- 
and left-hand counterbalances............... 62 in. 
2. Wi, = equivalent weight in pounds of crankpin hub, to- 
gether with part of pin encircled by hub‘...... 500 1b 
3. A = distance in inches between centers of gravity of right-_ 
and left-hand crankpin hubs................. 71 in. 
4. M, = moment of crankpin hub parts about center plane of 
opposite counterbalance 
M, = W, X (A + E)/2 = 33,200 in-lb 
5. We: = equivalent weight in pounds of side rod carried on 
crankpin,‘ together with weight of part of crankpin — 
encircled by side-rod bearing................ 550 Ib © 
6. B = distance in inches between center planes of side rods — 
7. Ms = moment of side-rod parts about center plane of op- 
posite balance 
M, = W;2 X (B + E)/2 = 38,200 in-lb 
8. Ws = equivalent weight in pounds of back end of main 
rod,‘ together with weight of part of crankpin en- | 
circled by main-rod bearing................ 1440 lb 7 
9. C = distance in inches between center planes of main — 
10. M; = moment of main-rod parts about center plane of | 
opposite counterbalance 
M; = Ws X (C + E)/2 = 106,000 in-lb 
11. W: = sum of all rotating equivalent weights, except those 
for eccentric cranks 
W: = items (2 + 5 + 8) 
= Wi Ws = 2490 lb 
12. M; = sum of all moments of rotating parts, except eccentric 
cranks, about center plane of opposite counterbalance 
a M, = items (4 + 7 + 10) 
= M, + + Ms; = 177,400 in-lb 
13. F = distance in inches between center of gravity of all — 
ian rotating parts, except eccentric cranks, and center> 
plane of opposite counterbalance 
F = item 12/item 11 
= M./W: = 71.3 in. 
4 


Notes on Section 1: 


Item 2. To find the equivalent weight of the crankpin hub, 
together with the part of the pin encircled by the hub, it is neces- 
sary to find the actual weight of these parts and their center of 
gravity. The weight to be taken into account is that of the cross- 
hatched area in Fig. 6 which lies outside the circumference of the 
axle hub. Then if: 


W = actual weight of these parts in pounds 


; _ R, = distance in inches of their center of gravity 
¢ from longitudinal axis of axle 
! ae equivalent weight of these parts 
=WXR/R — 


radius of rotation of crankpin in inches 
Wi 
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“Equivalent weight” of any part rotating about the longi- 
tudinal center line of the axle is defined as the weight of that 
mass which rotating at the crank radius would produce the 
same inertia force as the actual mass under consideration. The _ 
above example shows how the equivalent weight is found when 
its actual weight and the radius of rotation of its center of gravity 
are known. 

Item 5. The equivalent weight of the side rod carried on the 
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D« Eecentric Crank Centers 


C = Main-Rod Centers 


B= Side - Rod Centers 


=Crankpin Hub Centers 


E=Counterbalance Center. 


Fic. 5 ror ComMputTaTIon or Errect or RotatTinG Parts 


R Crank + 


| Radius 


om 


Fic. 6 Portion or CraNnKpIN Hus SHown Cross-HatTcHeD To Bg 
Into Account as ITEM 2, SecrTion 1, APPENDIX 


crankpin is the actual weight supported by the pin. For the 
front and back drivers this is the weight of one end of one side 
rod. For the main and intermediate drivers it is the weight of 
one end of each of two rods. As the center of gravity of the 
side-rod end rotates with the same radius as the center of the 
crankpin, the equivalent weight of these parts is the same as : 
their actual weight. 
Item 8. The equivalent weight of the back end of the main 
rod to be used in this item can be taken as approximately six- _ 
tenths of the total weight of the main rod. If strict accuracy is 
required, the weight to be used can be found from the equation: © 


= 


Wm = total weight of main rod in pounds 
1 = length of rod in inches between wristpin and main-pin 
enters 


where 
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radius of gyration in inches of the main rod about the 14. W, = component of left-hand rotating parts acting in 

wristpin center center plane of left counterbalance 

Wm: = weight of main rod to be considered as rotating at the W, = Wi X P/E = 2870 lb 
crankpin. 
The radius of gyration k can be found by suspending the main 15. component of left-hand rotating parts acting in 
rod to swing as a pendulum about the wristpin center. Then if — : center plane of right counterbalance 


W, = Wi, — W: = 380 lb 
Right | Secrion 3—To DererMINE THE INERTIA 

“jit OF THE EccENTRIC CRANKS 
Fig. 7* shows the relative positions of the eccen- 
tric cranks. The center of gravity of each crank does 
not lie on the main crank radius. The crank cannot, 
therefore, be accurately represented by a single equiva- 
lent weight acting along the main crank radius. Each 
crank must be represented by two equivalent weights 
acting, one along the crank radius, the other along a 
radius 90 deg ahead of this. This is illustrated by 
the isometric diagram in Fig. 8. In this, each eccen- 
tric crank is represented by two equivalent weights in 
the plane of rotation of the center of gravity of the 
eccentric crank. These four equivalent weights must 
be replaced by four others, two acting in each counter- 

balance plane. These are computed as foilows: 


+ 


16. W. = actual weight in pounds of one eccentric 

Left crank, together with weight of part of crank 
Center of Grav ty pin encircled by eccentric crank... .172 Ib 
ee length in inches of intercept of center of 
gravity of eccentric crank on crank radius 

length in inches of intercept of center of 


mee 


tbat 
gravity of eccentric crank on radius 90 
Fic. 7 Position or Eccentric CRANKS a deg ahead of crank 3.15 in. 


distance in inches of the center of 
gravity of the rod from the wrist- 
pin center, and 6* 
= time of one swing in seconds hae ny Fquivatent Weights 


resentin 
= 3.26 Right Ecce tric 


the radius of gyration k cannot be So ne 
found experimentally, and if the main rod ea ont :, 
is of normal design, a reasonably close ap- of Locomotive 

proximation can be obtained by assuming a 

value of 0.6 for k?/l?. The equivalent 

weight of the back end of the main rod is Equivalent 


then six-tenths of the total weight. Weights 
Representin 


Wma: = 0.6 X Wm Lett Eccentric 


Section 2—To RESOLVE THE EQUIVALENT "6 se 


WEIGHT OF THE RotaTING Parts ON ONE rée 
oF a Pair oF WHEELS Into Two 
CoMPONENTS, ONE IN THE WHEEL CARRYING 
THE RoTaTING PaRTs AND THE OTHER IN 
THE OpposiTE WHEEL OF THE 
and (b). Items which were taken from sec- 


tion 1 are given the same number here. 19. D 


distance in inches between centers of gravity of 


11. W: = total equivalent weight of rotating parts (section 1), eccentric cranks (Fig. 8) 
distance in inches between the center planes of 


13. F distance in inches from center of gravity of rotating counterbalances 
parts to center plane of opposite counterbalance 
(section 1) .3 in. From these data are computed the component equivalent 
3 distance between center planes of counterbalances ~“* The cranks are shown trailing. In Fig. 8 and the text, how- 
(section 1) ever, they are assumed to be leading the crank pins. 
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weights which, acting in the planes’ left- and right-hand counter- 
balances, represent completely the inertia effects of the eccentric 


eranks. 


In Left-Hand Counterbalance Plane: 


20. Le = component equivalent weight acting along crank 
radius 
= —(b(D+E D — E)) = 156 lk 
are 
21. Le = component equivalent weight acting along radius 
90 deg ahead of crank 
{a(D + E) b(D — E)) = 1711 
= — => ) 
RE a ) é 


In Right-Hand Counterbalance Plane: 


22. Re = component equivalent weight acting along crank 
radius 
- (ww + —a(D—B) = 138 1b 
QRE 
23. Ree = component equivalent weight acting along radius 
Oo 90 deg ahead of crank 
W 
= - [a(D + E) + b(D — E)) = 73 1b 
2RE 


¢ Note: The equivalent weights are not the same in the two 
counterbalance planes, although the resultant is the same in 
both planes. The reason for the lack 

= = 
of symmetry can be seen in Fig. 8. » a - 
In the horizontal plane through the 
main axle the 36-lb component of the 
left eccentric and the 119-lb compo- 
nent of the right eccentric both act 
in the forward direction. In the 
vertical plane, on the other hand, the 
119-lb component of the left eccentric 
acts upward, while the 36-lb compo 
nent of the right eccentric acts down- 
ward. 


Fron? of 
Locomotive 


Eccentric Cranks 
“Other Rot. Parts 2870 


Section 4—To ComBine INERTIA 
Errect or Eccentric CRANKS AND 
Oruer Parts 


In sections 2 and 3 the inertia effect 
of the other rotating parts and of the 
eccentric cranks have been resolved 
into equivalent weights acting in the 
center planes of the two counter- 
balances. The net effect of all the 
rotating parts is found by adding 
the values found in the two preced- 
ing sections. The operation is illus- 
trated by Fig. 9. The quarters of 
each wheel are numbered for con- 
venience of reference. 


In Left-Hand Counterbalance Plane, 
Diameter Through Left Crankpin: 


14. W, = equivalent weight representing other ro- 


tating parts at quarter (1) 2870 Ib 
20. Le = equivalent weight representing eccentric 
cranks at quarter (1) 156 lb 


24. W,’ = net equivalent weight at quarter qy 3026 Ib 


og 


156* 


Fic. 9 EquivaLent Weieguts AcTING IN CENTER PLANES oF COUNTERBALANCES REPRE- 
SENTING EccentTRIC CRANKS AND OTHER RotaTING Parts 


‘, 


= 


480 
we 

Diameter Perpendicular to Left Crank: ae 

380 Ib 


15. W, = equivalent weight representing other ro- 
tating parts at quarter (4) 
21. Lea = equivalent weight representing eccentric 


cranks at quarter (2) 17 lb 
25. W,’ = net equivalent weight at quarter (4) 363 Ib 
In Right-Hand Counterbalance Plane, Diameter Through Right — 
Crankpin: 
14. W, = equivalent weight representing other ro- _ 
tating parts at quarter (2) 2870 Ib 
22. Re = equivalent weight representing eccentric 


cranks at quarter (2) 138 lb — 


3008 Ib 


26. W,” = net equivalent weight at quarter (2) 


Diameter Perpendicular to Right Crank: 


15. W, = equivalent weight representing other ro- 
tating parts at quarter (3) 

23. Re = equivalent weight representing eccentric 
cranks at quarter (3) 


380 Ib 


73 Ib 


27. Ws,” = net equivalent weight at quarter (3) 453 lb 


Fig. 9 illustrates these operations. The figures are the same 
as in Fig. 1 (c). Items 24, 25, 26, and 27 give the four equiva- _ 7 
lent weights which, acting two in each counterbalance plane, - 
completely represent the inertia effect of all rotating parts, 7 


Met = 3z008* 


73* fec. Cranks 
defn 380% otter Rot Parts 


including the eccentric cranks. Having these, it is a simple 
matter to complete the analysis of the wheels by adding the 
effect of the counterbalance as in Fig. 1 (f). The net equivalent 
weights representing counterbalances and all rotating parts are 
shown in Fig. 1 (g). Details of the operation are given in sec- _ 


tion 7. 


* 

i | 
Net | 
3026 * ® 
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/->- 
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Other Rot. Parts = 
c. Cranks Net 363° 
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tan X = 
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Section 5—To FInp THE PosiITION AND VALUE OF THE MaxIMUM 

Dynamic AxLE Loap WHEN THE RESULTANT EQUIVALENT 

Weicuts Propucina Dynamic AUGMENT IN THE WHEELS ARE 
Not THE SAME 


This section is illustrated by Fig. 10. 
28. Wi = resultant equivalent weight in pounds producing 
dynamic augment in left-hand wheel 138 lb 
resultant equivalent weight in pounds producing 
dynamic augment in right-hand wheel 132.5 lb 
angle in degrees between planes in which the above 
equivalent weights act 119 deg 15 min 


In the position of maximum axle dynamic augment, assume 


29. W; 


30. Z 


angle in degrees between direction of left-hand 
resultant and the vertical 

then Z — X = angle in degrees between the direction of right- 
hand resultant and the vertical 


Wi 


138 


Equivalent Weight 
Producing — 
dynamic Augnient 

ih Axle 


Fie. 10 ComputTaTION oF Maximum DyNAmiIc AUGMENT IN AXLE 


(When equivalent weight producing maximum dynamic augments in wheels 
have values Wi and Wr and stand at an angle of Z from each other.) 


‘ It follows that 


G Wi cos X = vertical component contributed by left-hand re- 


sultant 
W, cos (Z — X) = 
hand resultant 


‘Then W: cos X + W, cos (Z — X) is the total equivalent 
weight producing the maximum dynamic augment in the axle. 
sin Z 


This has its maximum value when 


With the values given above for Wi, W,, and Z, the value of 
X is found to be 57 deg 40 min. Then the total equivalent 
weight producing the maximum dynamic augment in the axle: 


Wicos X + Wrcos (Z — X) = 1388 X 0.535 + 132.5 X 0.476 


Section 6—DETERMINATION OF EQUIVALENT WEIGHT AND Post- 

TION OF COUNTERBALANCE TO BALANCE EXACTLY THE ROTATING 

Parts AND Provire A GIVEN OVERBALANCE FOR THE RECIPRO- 
CATING Parts 


vertical component contributed by right- 


This section is illustrated by Fig. 3. A blank diagram similar 
to Fig. 3 should be used, and the values should be filled in as 
oe 


to represent the left-hand wheel of the pair and the quarters are 
numbered 1, 2, 3, and 4, quarter No. 1 being that of the left-hand 
erankpin. 

24. W,' = component of rotating parts acting in plane of left 
counterbalance at quarter (1); see section 4. .3026 lb 
component of rotating parts acting in plane of left- 
hand counterbalance at quarter (4); see section 4 


25. W,’ = 


Wo = equivalent weight of overbalance to be added to 
oppose the reciprocating parts 
The value to be given this item may be chosen 
arbitrarily. The better plan is to determine it to 
hold the dynamic augment to a definite limiting 
value. 
component of counterbalance to act in quarter (3), 
opposite the crankpin: 

Item 29 = Item 24 + Item 32 = 3092 Ib 
= component of counterbalance to act in quarter (2): 


Wa = W,’ = 363 lb 


resultant equivalent weight of counterbalance to 
produce the components shown in quarters 3 and 4 
in Fig. 8 (a): 

We = VWat + Wa? = 3113 lb 
angle which radius through center of gravity of 
counterbalance makes with the diameter through 
quarters 1 and 3: 
Wea/Ws = 363/3092 


0.1275 
6 deg 42 min 


> 


tan a = 


. _ The equivalent weight and position of the counter- 
balance thus determined are shown in Fig. 3 (c). 

Note: In designing the actual counterbalance to have this 
equivalent weight proper allowance must be made for the equiva- 
lent weight of the spokes and rim adjacent to the crankpin hub 
which occupy the space corresponding to the space covered by 
the counterbalance in the opposite quarter of the wheel. 

The counterbalance determined by Items 35 and 36 will 
exactly cross-balance the reciprocating parts, and the only un- 
balanced mass producing dynamic augment will be the over- 
balance of equivalent weight Wo acting in quarter (3) directly 
opposite the crankpin. 

It may be noted that it is important to cross-balance when the : 
value of W,, the component due to the rotating parts of the 
opposite wheel, is large compared with Wo, the overbalance. 

If W, does not exceed one-quarter of Wo, it is unnecessary to 
cross-balance. If Wr = 0.25 Wo, a counterbalance of equivalent 
weight We = Wi — Wo can be placed directly opposite the pin 
at quarter (3) and the dynamic augment will not exceed that of — 
the cross-balanced wheel by more than 3 per cent. 
practically negligible. 


Section 7—ANALYSIS OF A GIVEN COUNTERBALANCE TO DE- 
TERMINE THE OVERBALANCE AND DyNAMIC AUGMENT 


This section is illustrated by Fig. 1 (d) and (e). 
37. We = equivalent weight of counterbalance in pounds 
3170 lb 
angle made by radius through center of gravity of 
counterbalance with diameter through quarters (3) 
and (1) Fig. 1 (c) 
component of counterbalance acting at quarter (3) 
We = cos B X W. = 3140 lb 

component of counterbalance acting at quarter (2) 

= sin B X We = 441 Ib 


= 


This is | 
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Discussion 


A. I. Lirperz.' I quite agree with the author that “it is not easy 
to see why American civil and mechanical railway engineers have 
neglected for so long the proper balancing of locomotives,” espe- 
cially in view of the fact that “in Europe correct balancing of 
locomotives has been common practise.” This situation has been 
always a puzzle to me, because at least one American engineer 
contributed a great deal to the question of counterbalancing in 
the early days of locomotive construction. Thomas Rogers, 
founder of the Rogers Locomotive Works, patented as early as 
1837 the application of counterbalance opposite the crank with 
sufficient weight to counterbalance the crank and connecting rods, 
thus introducing counterbalancing of revolving parts. 

Up to 1845 it was customary to balance only revolving weights, 
and the balancing of reciprocating weights was not recognized 
until later, when some European engineers started investigations 
of the problem of balancing. The disturbances caused by the 
unbalanced inertia forces first became apparent when Nollau® in 
Germany made tests with a locomotive suspended by chains from 
a roof, although previously to that W. Fernihough in England, 
in October, 1845, suggested and apparently tried’ the use of 
weights for counterbalancing main rods, pistons, and other re- 
ciprocating parts. 

Le Chatelier in France, in 1848, made tests similar to Nollau’s 
and enunciated a very complete theory of balancing which is now 
known as cross-balancing. He published his theory in 1849,8 
and shortly afterward his theory was further developed by vari- 
ous investigators, mostly French.* Later the correct method of 
cross-balancing was popularized for the English-reading public 
by Daniel Kinnear Clark in his classic work book “Railway 
Machinery,’’* published simultaneously in Glasgow, Edinburgh, 
London, and New York. 

Since then, all textbooks appearing in T’rench,!® German," 
Russian,'* Hungarian, Japanese,'‘ and other languages made use 
of the Le Chatelier-Clark method as the only correct way of 
balancing locomotives. Locomotive builders all over the world, 
except the United States, adopted this method of counter- 
balancing. Some American books'® also expounded the cross- 
balancing theory, although they did not recommend it for 
practical use, and in England Professor Dalby, in his well-— 
known book, “The Balancing of Engines,’ developed very con- — 


5 Consulting Engineer, American Locomotive Co., Schenectady, 
N. Y., and Non-Resident Professor of Locomotive Engineering, 
Purdue University, Lafayette, Ind. Mem. A.S.M.E. 

6 Journal des Chemins de Fer Allemands, October, 1848. 

7 Report of the Gage Commissioners, 1846. 

8 Etudes sur la Stabilité des Machines Locomotives en Mouvement, 
by Le Chatelier, Paris, 1849. (This and references 6 and 7 are 
quoted from ‘‘Railway Machinery,” D. K. Clark, 1855, p. 166.) 

* Voie, Matériel Roulant et Exploitation Technique des Chemins 
de Fer, by M. Ch. Couche, Paris, 1873, vol. 2, p. 389. 

10 Tbid., p. 411, and the subsequent French literature on locomo- 
tives; for instance, “La Machine Locomotive,” by E. Sauvage, 
Paris, 1918, pp. 211-212. 

11 Die Gesetze des Lokomotivbaues, by F. Redtenbacher, Mann- 
heim, 1855, pp. 132-134, and subsequent German literature on 
Locomotives, for instance, Kurzes Lehrbuch des Dampfiokomotiv- 
baues, by F. Meineke, Berlin, 1931, pp. 108-109. 

12 “Parovozy” (Steam Locomotives), by Romanoff, St. Peters- 
burg, 1903. 

13 “Lokomotivok,” by Dr. Szib6 Guszt’v, Kapus Ldszl6, Buda- 
pest, 1919, pp. 114-119. 

14 “Locomotive Engineering,” by Mori and Matsuno, vol. 2, pp. 
275-277; published by the Okura Book Co., Inc., Tokyo, Nitron- 
bashi, 1926, eighth edition. Also Locomotive Designers’ Handbook 
Nos. 232-2, 232-3, issued and printed by Rolling Stock Section, 
Department of Mechanical Engineering, Japanese Government 
Railways, 1931. 

1% “Locomotive Operation,” by G. R. Henderson, by 
Railway Age, Chicago, 1904, pp. 70-72. 
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venient graphical methods of cross-balancing. Incidentally 
the tables given in his book are almost identical with the schedule 
given in the Appendix to Mr. Fry’s paper.'¢ 

I have been looking for a long time for an explanation of the 
fact that cross-balancing of locomotives was not common prac- 
tise in the United States. On the basis of the theory that nothing 
in engineering, like in nature, can exist for a long period of time 
without a justifiable reason, I tried to reach some explanation in 
my discussion of Dr. R. Eksergian’s paper “The Balancing and 
Dynamic Rail Pressure.’’!? To a great extent such a condition 
was probably due to the attitude of the American Railway Asso- 
ciation, Mechanical Division, which followed for many years 
certain rules of what is called “static balancing’ and did not 
recommend cross-balancing until 1931.18 Locomotive builders 
nevertheless, were applying the cross-balancing method to loco- 
motives, when specified, as it is evidenced by applying the correct 
method in locomotives built for use abroad, like France in 1908, 
Russia during the war, and Japan after the war, and some iso- 
lated cases for different experimental locomotives, in the United 
States since 1905. 

Cases are known when American railroads recently converted 
statically balanced high-speed passenger locomotives into cross- 
balanced. That the question of cross-balancing is attracting 
attention now more than before is probably due to the increase 
in speed of our present-day locomotives, both passenger and 
freight, the limitations of weight, and the necessity of refinements. 
I should therefore say that Mr. Fry’s paper is very timely, not- 
withstanding the fact that a long time has elapsed since the cor- 
rect method of balancing was made known to the world by 
Le Chatelier. 

In my opinion, of all the questions of locomotive engineering, 
counterbalancing is probably the only complete, well-founded, 
and clear-cut exposition of a theory which permits the establish- 
ing of indisputable formulas and laws. Even in its general alge- 
braic form it is very simple and does not call for “‘simplifica- 
tions.’”” The whole theory of counterbalancing can be represented 
by the following five formulas: 


2£ 


Wa = 


The designations are mostly those used by the author. Symbol 
> stands for the sum of products given by him in Appendix; 
W are the various weights W:;, W2, Ws, Ws. of revolving parts, 
and D stands for the corresponding distances A, B, C, D of the 
Appendix. Coefficient k is the percentage of balancing of re- 
ciprocating weights in the particular wheel, K is the total per- 
centage of balancing of reciprocating weights of the locomotive. 
We is the value of these weights on one side. Other symbols are 
the same as used by Mr. Fry. 

The author is actually following these formulas. Although he 
asserts that the analysis which he made is stated in a simple, 
non-mathematical manner, it is hardly so. Arithmetic is also 
part of mathematics, and the author’s arithmetic in the Appendix 


16“The Balancing of Engines,” by W. E. Dalby, London, 1907, 
p. 82. 

17 A.S.M.E. Trans., 1929, paper no. RR-51-5. 

18 Proc. Am. Ry. Asen., Division V, Mechanical, 1930, pp. 805- 
828, and 1931, p. 99. 
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is actually carrying out a numerical example by using the fore- 
going formulas, at least in so far as the revolving weights are con- 
cerned. As regards the reciprocating weights, there is a slight 
difference; namely, in the example worked out by the author, 
the excess balance is added to the large component of the rotating 
balance (Appendix 1, section 6, item 33), while in the cross-bal- 
ancing method that part of the reciprocating weights which is to 
be balanced in this particular wheel would be added to the part 
of the revolving weights W; which is balanced in the plane of the 
main rod (Appendix, section 1, item 8), thus requiring no addi- 
tional calculation. 

The difference between the results of these two procedures is 
this: In the ordinary method the percentage of balancing of the 
fore-and-aft vibrations is different from that of the nosing vibra- 
tions of the locomotive; or, in other words, the balancing of the 
forces is different from the balancing of the couples due to forces 
of inertia of reciprocating parts, whereas by the cross-balancing 
method forces and couples are balanced to the same degree, and 
the meaning of the term “percentage of balancing’ assumes 
definiteness which is lacking in the ordinary method. So, for 
instance, the author states that the weight of the balanced re- 
ciprocating parts is 465 lb on the left-hand and 483 lb on the right- 
hand side, an average of 474 lb, which in reference to the total 
reciprocating weights on one side (2241 lb) may seem to amount 
to 21.1 per cent, but the actual percentage of balancing the 
couples will be, using the author’s designations, represented by: 


x = = 21.1 x r cent 
aT 
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or less than the percentage of balancing the reciprocating forces 
(21.1 per cent). It is true that while the difference between these 
two figures may seem large, these figures do not represent the 
actual conditions, because the unbalanced, not the balanced, 
forces and couples are what actually matters, and they are 78.9 
per cent in the case of forces and 82.2 per cent in the case of 
couples. 

Thus the difference between the two methods is slight. But 
there is no real balancing of forces, unless the moments (couples) 
are balanced too. Moreover, the percentage of balancing has no 
real meaning, if the couples are neglected. The writer is, there- 
fore, of the opinion that cross-balancing is also preferable with 
respect to reciprocating weights. 

As to the dynamic augment, it is immaterial which method 
is followed, as long as the excess balance in the wheel is the 
same. If there should be a slight numerical difference, it would 
be due to the fact that the smaller figure might be an approxi- 
mate one while the other is the correct one. 

It is interesting to note that the author, in section 3 of the Ap- 
pendix, resorted to a rather involved algebraic method in deter- 
mining the components of inertia forces of the eccentric crank. 
Everybody who can master these formulas (items 20 to 23) will 
be able to follow the formulas of the cross-balancing method in a 
general way, and need not be shown a numerical example in the 
belief that he is avoiding mathematics. It is further interesting 
to note that in this particular point a simplification is possible 
when, as the case normally is, the right and left main wheels are 
made from one pattern. In this case the author recommends to 


- consider the averages of the components acting along the crank 


radius and at 90 deg to it. But from items 20 to 23, using Fig. 9, 
it can be seen that 
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In other words, we may consider the equivalent weight of the 
eccentric crank (Wb/R; see Fig. 7) as a revolving weight attached 
to the crankpin in the plane of the eccentric crank, and need not 
be bothered with intercept a or any eccentric crank calculations. 

By the way, I wish to mention that the Russian Decapods 
built in 1916-1917 in this country had counterbalances figured 
by the cross-balancing method with taking into account the 
equivalent weights of the eccentric crank (and also half-weights 
of the eccentric rod), and averaging the counterbalances and 
angles of the right and left wheels resulting from calculations in 
accordance with the author’s suggestions. '* 

I agree with the author that the revolving parts should be com- 
pletely balanced, so that no parasitic forces should take place. 
It is very essential that the revolving weights should be balanced 
completely, because otherwise the balance of the reciprocating 
weights is unfavorably affected. As the balances for both re- 
volving and reciprocating weights are combined into one balance 
in the wheel, the action of the counterbalance for balancing the 
reciprocating weights does not start if and until the complete 
balancing of the revolving weights takes place. Consequently, 
if there is a deficiency in the balances of the revolving weights, 
the balancing of the reciprocating weights is impaired. 

This is borne out by some of the author’s numerical examples 
and because of that I do not understand the author’s attempt to 
introduce simplifications in the balancing of revolving weights. 
I have in mind his statement “that unless the parasitic effect 
to be eliminated by cross-balancing amounts to more than 30 per 
cent of the overbalance, cross-balancing hardly justifies the addi- 
tional complication.” The writer cannot agree with this state- 
ment, as it should be remembered that no real simplification will 
be achieved by neglecting the small component and the angle of 
the balance. The calculation has to be made anyway, in view of 
the differences in planes, and in order to determine the major 
component; and the increase in the amount of work involved in 
the calculation by figuring the other component and the proper 
angle, as well as in preparing the pattern of the counterbalance, 
of the proper size and direction, is so insignificant that it is hardly 
possible to consider it a complication. I could never appreciate 
the “simplification” of saving a calculator several hours of work 
in a design of a locomotive, the building of which requires tens of 
thousands of man-hours, especially as very often only one calcu- 
lation is made for a great number of duplicate locomotives. 

I think cross-balancing should be made on all coupled wheels, 
irrespective of the ratio of the components or of the angle, and 
this for the sake of correct balancing of the reciprocating weights. 

Another point I wish to touch upon is the distribution of the 
excess balance between coupled wheels. The author’s example 
proves that very little is gained by placing an excess balance in 
the main wheel. The main axle is usually the one with the 
heaviest load. In addition, there is a piston-thrust component 
increasing the load on the main wheel during the forward move- 
ment of the locomotive, which the author did not take into con- 
sideration. At long cut-offs and low speeds this component 
amounts to a considerable force, sometimes 12,000 to 15,000 
lb per wheel. At high speeds, when the counterbalancing effect 
gets into play, this component is much smaller—probably not 
over several thousand pounds, due to the shorter cut-off used at 
the higher speed. Nevertheless, this should not be neglected 
in considering the maximum permissible load. In view of this, 
as suggested by me in my discussion of Dr. Eksergian’s paper, 
it would be just as well to leave the main wheel without any 


___ excess balance, and have it properly cross-balanced for revolving 
_ weights only. The balance for the reciprocating weights could 
be distributed among the coupled axles. 


19 A. I. Lipetz, ‘Russian Decapod Locomotives Built in the United 
States’’ (in Russian), New York, 1920, pp. 148-149. 
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Summarizing my remarks, I[ should say that I am in favor of 
appiying the correct cross-balancing’ method for all revolving 
weights (both for main and coupled axles), as well as for balancing 
reciprocating weights, and for omitting the overbalance for 
reciprocating weights on the main wheels. 


8. S. Rrecev.** The author has long been known as one of the 
pioneers in improving locomotive counterbalancing and has 
done much very valuable work on the subject. I am in accord 
with all of his points and recommendations. 

As this subject was placed before the A.R.A. Locomotive 
Construction Committee, of which I am a member, Mr. Fry 
brought the present information to our attention early in the year, 
as he contemplated, if possible, reading it there, so that our com- 
mittee had opportunity then to benefit by his constructive criti- 
cism, and a supplementary recommendation was made by the 
Locomotive Counterbalancing Committee in June, 1932, and is 
now a matter of record there. 

In view of this fact it may not be amiss to review this part of 
our supplementary report as it, to a considerable extent, fits as 
a discussion of Mr. Fry’s recommendations now advanced. I 
believe it will be as interesting here as it was there. In substance 
this is, namely: 

In the modern superpower locomotives with large firebox 
overhang and weight, it seems permissible to regard considera- 
tions of nosing and swaying as less important when judging effects 
of the reciprocating balance on the smoothness of operation or 
riding qualities. This leaves only the fore-and-aft oscillations 
whose magnitude is in direct proportion to the total mass of the 
locomotive and the force causing the oscillation, which in turn is 
a function of the mass of the unbalanced reciprocating parts and 
its frequency of vibration. 

The design of a locomotive modifies according to individual 
designers of separate railroads and builders, and is influenced by 
changes in transportation developments and demands. In some 
regions the traffic demands require high tractive effort with low 
total weight, concentrated on drivers and large reciprocating 
parts, while in others, even on the same road, a unit of equal or 
lower tractive force capable of higher sustained horsepower is 
needed. 

The recent trend in locomotive building is toward the latter 
type; so that when we compare this with the older lighter units, on 
the basis of ratio of percentage of reciprocating weight balanced, 
we obtain from the modern locomotive a higher figure for pounds 
of total weight per pound of unbalanced reciprocating weight 
and have smoother operating units, or what may be more logical 
we can balance a lower percentage of the reciprocating weight 
and thus by increasing the unbalanced portion, retain the figure 
for pounds of total weight per pound of unbalanced reciprocating 
weight, and the newer locomotive will be as smooth in operation 
and cause lower track stresses. This will compensate in some 
measure for the increased weight per driver of the modern high- 
speed superpower locomotive. 

The real question to determine in all this is: Which is to be 
permitted to suffer more, the rail and track structures or the 
locomotive? For, certainly if the recurring load is lifted from the 
track, it must be borne by the boxes, frames, and other parts of 
the running gear of the locomotive, whether considered as a per- 
centage of the reciprocating weight, the ratio of the unbalanced 
weight to the total weight, or something else. A series of tests 
might be made with instruments to record the track stresses 
and the vibrations of the locomotive, to definitely determine the 
magnitude of these forces and movements and thereby increase 
the total sum of human knowledge. It is doubtful, however, 


2° Mechanical Engineer, Delaware, Lackawanna & Western Rail- 


if a compromise could be made even then that would be perfectly 
satisfactory to both bridge and right-of-way interests and to 
those operating and caring for the locomotive. 

There appears to be, however, one aid left which has long been 
recognized but not given the utmost consideration it deserves; 
namely, the lightening of reciprocating parts by use of higher 
strength alloy steels and non-ferrous metals. Lately many 
metallurgical advances have been made that were eagerly taken 
up by other industries. Perhaps our present steels of 60,000 to 
80,000 lb per sq in. tensile strength should be replaced by those 
of 100,000 to 120,000 lb tensile strength, effecting saving of 30 
to 40 per cent in weight with advantageous results. 

It is believed that by the use of such alloy steels for main rods, 
crossheads, pistons and piston rods, and possibly aluminum- 
alloy crosshead shoes and piston bull rings, the unbalanced re- 
ciprocating weight can be reduced several hundred pounds per 
side. When we realized that any addition or reduction in the 
reciprocating weight increases or decreases the force on the 
driving boxes by 45 to 55 times its amount, at diameter speed, 
or by 64 to 78 times the force tending to shake the whole loco- 
motive, it can be appreciated that even slight reductions of weight 
of these parts is worth while. Equally, then, some of this reduc- 
tion can apply to reduce the reciprocating balance, which also is 
multiplied by the greater figure above stated to include both 
sides, and this also may be amplified by as much as 20 for the 
bridge stresses when the recurring load synchronizes with the 
natural frequency of the bridge span. 

Considering the second, it seems, as may be expected from its 
simplified nature, that several refinements to the method out- 
lined in the A.R.A. Committee Report of 1930 have been sug- 
gested. One, the weight to be added to the main wheel for part 
of the reciprocating balance should be added to the main re- 
volving balance, designated W. in the report, before it is com- 
bined with the weight added to offset the cross-effect of the over- 
hanging parts. This point is well taken, as the reciprocating 
balance should naturally be placed directly opposite the crank- 
pin and not at an angle with it as previously obtained. By doing 
this, the main-wheel balance can be reduced in weight and a new 
slightly less angle for the balance be obtained. This refinement 
is to be recommended. 

If desired to introduce further refinements, another suggestion 
is to cross-balance the intermediate driver, as an appreciable re- 
duction of rail blow from this driver can in some cases be effected 
thereby. This is consistent, and while not stated, it was implied 
in the report and can also consistently be definitely recommended. 

It is most important especially that greater exactness and care 
be observed in securing the weights we need in the balances and 
to see that like weights are applied in opposite wheels, as care- 
lessness in allowing dissimilar weights to be placed in opposite 
wheels will have very disturbing effects, since we are now operat- 
ing at much higher speeds. 


A. H. Ferrers.” I notice that the author uses the A.R.A. 
method as a basis. I have been practising this method verbatim 
for several years with satisfactory results. I have ridden many 
engines before and after having been cross-counterbalanced at the 
main wheel, and I find that the riding qualities of a locomotive 
are not always a safe guide to a perfect balance, especially if the 
main axle happens to be under or near the virtual center of the 
locomotive, as in this case the vertical component due to over- 
balance or underbalance does not exert its effect in teetering the 
engine, and therefore the effect is not felt in the cab. I have 
ridden a 4-8-2 with a cross-overbalance of 300 Ib, and while the 
dynamic augment was 26,000 lb, it did not show up in the cab. 

21 General Mechanical Engineer, Union Pacific System, Omaha, 
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Had any other axle on this locomotive been off-balance to that 
or less extent it would have shown up in the cab as a very rough- 
riding engine. Again, I have found many other physical things 
that caused rough riding that it is difficult to determine by trial 
if the counterbalance or some other factor is responsible for rough 
riding. I have put some engines in ideal counterbalance, and they 
would ride smooth one trip and very rough the next, due to stuck 
wedges, fouled equalizers, slack between engine and tender, and 
similar causes. We can depend, however, on proper calculations 
and applications of the cross-counterbalance to the main drivers 
to reduce dynamic augment, thereby reducing damage to track 
and wear of machinery of the locomotive. 

In view of the gradually increasing speeds of locomotives in 
freight service the last few years, the subject of cross-counter- 
balancing main wheels becomes of still greater importance than 
formerly, and the mechanical organization of any road which 
overlooks this fact and fails to take advantage of this very obvious 
improvement is remiss in its duties. 


D. J. SHeeHan.”? Since the subject of cross-counterbalance of 
locomotives became a subject of common discussion about four 
years ago, there have been many queer ideas advanced concerning 
counterbalance in general. To the busy mechanical engineer 
on the average railroad, who accepted the discussion of out-of- 
plane forces and dynamic balance as the work of the theorist and 
the master mind of locomotive design, it was merely another 
method of counterbalance. It was probably all right and would 
give results as satisfactory as the method that he had been using 
for the past fifteen or twenty years. But he was not having a lot 
of trouble with counterbalance considered from the standpoint 
of the old static balance method, and it was much easier to handle. 
Some day when he had time he would study this new method at 
least so that he could talk about it. 

One day this mechanical engineer had a report that one of his 
passenger engines was riding rough and jumping up and down. 
He rode this engine and confirmed the report. When the counter- 
balance was checked by the old method of static balance, the 
figures indicated that 65 per cent of the weight of the recipro- 
cating parts were balanced, the balance equally distributed among 
all the wheels. However, an additional weight equal to 175 lb 
at crankpin radius was applied. The subsequent reports indi- 
cated that the engine rode considerably better, but still vibrated 
up and down. 

Imagine the astonishment, when the counterbalance was 
properly checked, with due consideration to the forces acting 
outside of the plane of the balance at their proper moment arms, 
and the results indicated that the balance in the main wheel 
still lacked approximately 100 lb at crankpin radius to balance 
the out-of-plane revolving forces. 

Needless to say, when this engine was finally returned to ser- 
vice, properly counterbalanced for the forces acting in various 
planes outside the balance, both in the near and in the far 
wheel, the reports indicated that the locomotive rode like a 
“Pullman.” 

This little story, while possibly a little exaggerated, indicates 
the urgent need for a simple method of consideration of the sub- 
ject of cross-counterbalance of locomotives. The engineer who 
spends a little time studying this subject soon discovers that 
primarily it contains only the simple fundamentals of mechanics, 
but he has thus far been somewhat frightened by complicated 
discussions and intricate mathematical analysis of the subject. 
Several unfamiliar terms such as out-of-plane forces, dynamic 
balance, dynamic augment, rail load, track load, and others were 
not to be found in his vocabulary of common usage. 


22 Mechanical Assistant to the President, Chicago and Eastern 
Illinois Ry. Co., Chicago, Il. 
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This subject is most important, and a simple method of analysis 
will greatly assist the busy railroad mechanical man to grasp the 
true significance. 


Joun A. Pitcner.?* The paper outlines the principles involved 
in counterbalancing steam locomotives. The author has gone 
into a refinement of the counterbalance that is often very much 
neglected. The counterbalancing of a locomotive is entirely a 


compromise as between the horizontal and vertical forces. He — 


has outlined the subject in a very intelligible way, showing the 
significance and importance of cross-balancing. 

Reference is made to what are called “‘parasitic forces.’””’ These 
are forces introduced by improper location of the counterbalance. 
In other words, the component of the counterbalancing forces 
may be in a direction which is not available for balancing the 
reciprocating forces, but which would tend to increase the 
dynamic augment. In this connection it is significant to realize 
that in the case of non-cross-balanced engines the entire force of 
overbalance is not available for balancing the reciprocating 
weights. 

The author points out the fact that by properly placing the 
counterbalance—that is, by shifting it the proper amount from 
the position directly opposite the crankpin—its effectiveness can 
be materially increased without increasing the weight of the © 
counterbalance itself. This may be particularly valuable in 
counterbalancing engines in which the room in the main wheel — 
is so limited as to make it impossible to secure as much balance 
as is desired. The importance of the cross-balancing is con- 
tinually increasing on modern locomotives having heavy rotating 
parts and wide cylinder spacing, thus placing the plane of the ro- | 
tating and reciprocating parts a very considerable distance out- 
side of the plane of the counterbalance. 


A. Grest-GIESLINGEN.** It might be interesting to note that 
the author’s figures for the weight of the unbalanced recipro- — 
cating masses compared with the weight of the locomotive cor- 
respond exactly to those for the 2-8-4 type passenger locomotive 
of the Austrian Federal Railways*® where said unbalanced re- | 
ciprocating masses are 1/231 of the engine weight exclusive of the 
tender. The writer is glad to acknowledge from his experience 
that this and similar relations proved entirely satisfactory. He 
would like to add some information which he found to be a good 
guide in quantitatively answering the questions connected with 
counterbalancing of locomotives. 

One of the primary questions is: How great a dynamic aug- 
ment may be permitted as a result of balancing the reciprocating 
masses (or, generally speaking, as a result of any free centrifugal | 
force influencing the wheel pressure)? Many European railroads 
limit this dynamic augment, for the maximum operating speed, 
to 15 per cent of the static wheel load. This is a very conserva- 
tive figure; it is often being exceeded in other countries on per- 
fectly satisfactory locomotives. Two distinctly different con- 
siderations enter here: First, the limit imposed by the track 
structure and, second, the fluctuations of the wheel pressure that — 
may be consistent with safe riding. Some light is thrown on the © 
former by results obtained on a test track supported by helical 
springs, installed by Dr. Wirth of the Austrian Federal Rail- 
ways in 1928.26 Under the above-mentioned 2-8-4 type loco- 
motive, having an axle load of 40,000 lb on the drivers, the maxi- | 
mum depression of the rails was 0.146 in. at very low speeds where 


23 Mechanical Engineer, Norfolk & Western Ry. Co., Roanoke, Va. 
Mem. A.S.M.E. 

24 Mechanical Engineer, New York, N. Y. 

25 See Railway Mechanical Engineer, May, 1930. 

26 See the Journal of the Austrian Society of Engineers and Archi- 
tects, ‘Zeitschrift des Oesterr. Ingenieur- & Archtekten-Vereines,” 
1930, p. 353. 
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the dynamic augment is zero. A dynamic augment of 12 per cent 
of the static load depressed the rail only 3 per cent more, cor- 
responding to one-quarter of the theoretical excess load. This 
may be explained by the short time available for the process of 
depressing the rail in the neighborhood of the diameter speed— 
namely, about 1/10 of | .econd—yet it is remarkable that this 
effect was noticed with ~ stiff a track structure. Thus we may 
conclude that even our highly stressed rails, a dynamic 
augment of 15 to %) pe: «ent of the static wheel load will impose 
upon the rail oniy « fractional additional stress. Similar results 
will probably be apparent from the otheograph records of the 
General Electric Comp:ay. 

The other factor—namely, the fluctuations of wheel pressures 
as related to safe riding—is illustrated by the fact that a dynamic 
augment of 30 per cent will set up a theoretical fluctuation of the 
wheel pressure between the limits of 70 per cent and 130 per cent 
of the static load, but for the same reasons as just explained the 
actual fluctuations are much smaller. Therefore, much higher 
figures on certain locomotives have not led to apparent incon- 
veniences, although they may be objectionable, especially when 
it is considered that locomotives often exceed regular speed limits. 

As a result of experience and comparative studies, the writer 
submits the following recommendations for smooth and safe 
riding, leaving a good margin for occasional excess speeds: 

Recommended for the maximum speed at which the locomotive 
is expected to operate regularly (80 to 100 per cent of the diameter 
speed for conventional engines, 115 to 125 per cent of the diameter 
speed for special high speed designs). 

(1) Maximum dynamic augment A = 25 to 30 per cent of the 
static wheel load W for the wheel in question, but (A + W) = 115 
to 120 per cent of the maximum static wheel load as permitted 
by the track structure; whichever of the two figures for the dy- 
namic augment A thus obtained may be lower. 

(2) Maximum weight of unbalanced reciprocating masses: 
1/400 to 1/300 of the combined weights of the engine with 50 
per cent loaded tender. 

The latter condition limits the oscillating movement of the 
locomotive, resulting from the unbalanced reciprocating masses, 
to theoretically around '/s in., but this amount is further reduced 
by frictional influences. The stiff connection between engine 
and tender makes it allowable to regard both as a unit. It 
appears that, if the reciprocating masses are light enough to fall 
within the foregoing limits, no counterbalancing of any part 


of them would be required for fairly smooth riding. ous 
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These recommendations are open to discussion. Cross- 
counterbalanced locomotives corresponding to them will be 
found satisfactory. 


AvutTHor’s CLOSURE 


It is gratifying to find that Mr. Lipetz has no fault to find 
with the general principles of the paper. The references that 
he gives to earlier work on the subject are interesting and valu- 
able. The author had no intention of claiming any originality 
for the principles advocated. In fact, thirty years ago his first 
approach to cross-balancing was guided by von Borries’ account 
of the subject. 

The author appreciates the comments by Messrs. Riegel, 
Fetters, Sheehan, and Pilcher. 

Mr. Giesl’s remarks are not entirely clear and do not seem 
to be applicable to American practise. The suggestion that a 
dynamic augment of 15 to 20 per cent of the static load will 
impose on the rail only a fractional additional stress is not sup- 
ported by Professor Talbot’s experiments. The results of these 
as reported to the A.R.A. by Mr. Ripley show that as the loco- 
motive speeds were increased, there was a very considerable 
increase in rail stress due to dynamic augment. 

The two recommendations made by Mr. Giesl as to per- 
missible dynamic augment and unbalanced reciprocating mass 
beg the whole question. He recommends that the dynamic 
augment should not exceed 25 to 30 per cent of the static wheel 
load. Surely the maximum combined dynamic and static wheel 
load should be determined by the civil engineer after due con- 
sideration of the particular track structures involved. When 
a limit has been set, the mechanical engineer will probably be 
interested in obtaining the maximum possible static load and 
consequently will aim at the minimum possible dynamic aug- 
ment. Whether the dynamic augment is 10 per cent or 50 per 
cent of the static load is in itself immaterial. The important 
thing is that the combined loads shall not exceed the limiting 
value proper for the permanent way. 

Mr. Giesl also suggests that the mass of the unbalanced 
reciprocating parts should not exceed 1/300 to 1/400 of the 
masses of the locomotive and of the half-loaded tender. The 
paper shows that locomotives with very much greater unbalanced 
masses are running satisfactorily in this country. The author 
feels that further study of this question should be carried out 
before any attempt is made to set up definite limits for the un- 
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Slags 


INTRODUCTION 

HE work here reported may be considered the Third 
T Progress Report presented for the A.S.M.E. Special Re- 

search Committee on Removal of Ash as Molten Slag 
From Powdered-Coal Furnaces. The second report‘ outlined 
the objectives of the investigation and discussed the phases into 
which the problem could be divided; it also reported the experi- 
mental data rather fully. 

This report presents the information available to date in a 
form that will be most useful to those concerned with the opera- 
tion of slag-tap furnaces, but omits much information of general 
and technical interest. Although the investigation is nominally 
associated with slag-tap furnaces, yet from the standpoint 
of the Bureau it has the much broader purpose of obtaining 
data on the properties of coal ash and coal-ash slags, the coal 
ash being one of the fundamentals in the utilization of fuels. 

This report is divided into three main sections. The first 
discusses the properties of slags with relation to their chemical 
composition—a necessary groundwork for what follows. The 
second presents the data obtained through the cooperation of 
most of the stations operating slag-tap boilers on a wide range 
of fuels; this record should be valuable. The third reports a 
limited study of factors connected with the return of the fly ash 
to the furnace; the space given to it is out of proportion to the 
relative time spent on this phase. 


RELATION BETWEEN FLOW TEMPERATURE AND 
CHEMICAL COMPOSITION OF SLAGS 


This section deals with the relation between the composition 
of coal-ash slags and their fluidities as far as they pertain to slag- 
tap furnaces. In the second report the term “flow temperature’’® 
was introduced and was defined as that temperature at which a 
slag had such a fluidity that it would flow freely when tapping. 

Unfortunately, the subject is complex, because of the number 
of components in coal ash, but it is the foundation for the inter- 
pretation of results and for predicting the properties of a slag. 
The underlying science and language are those of the ceramist, 
but this investigation has been carried out from the viewpoint 
of the combustion engineer, and an endeavor has been made 
to include only information required by him. This section dis- 
cusses the information required by the plant engineer. 

Coal-ash slags consist essentially of: 


(Silica + alumina) + (forms of iron) + (lime + magnesia) 
(SiO, Al,0;) FeO, Fe) (CaO MgO) 


1 Published by permission of the Director, U. S. Bureau of Mines. 
(Not subject to copyright.) 

? Supervising fuel engineer, U. S. Bureau of Mines, Pittsburgh 
Experiment Station. 

* Junior fuel engineer, U. S. Bureau of Mines, Pittsburgh Experi- 
ment Station. 

‘ Nicholls, P., and Reid, W. T., ‘“‘Fluxing of Ashes and Slags as 
Related to the Slagging-Type Furnace,”’ A.S.M.E. Trans., vol. 54, 
1932, paper RP-54-9, pp. 167-190. 

5 Degrees fahrenheit are used throughout this report. 

Presented at the Annual Meeting, New York, N. Y., Decem- 
ber 4 to 8, 1933, of Tam Ammrican Socimty or Mecuanicat En- 
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together with oxides of other elements, usually in small quanti- 
ties and varying little in total quantity. If the former can be 
grouped as shown, they can be treated as three constituents. The 
second report showed that in slags the ratio of SiO; to Al,O; 
usually lies between 1.8 and 2 and that variations within these 
limits had little effect on the flow temperature; therefore they 
can be considered as one constituent. It also showed that the 
fluxing effect of MgO in small quantities differed little from that 
of CaO; as the percentage of MgO is small, CaO + MgO can 
be considered one constituent. The last report did not consider 
the effect of variations in the state of oxidation of iron; all the 
melts were made in air on the assumption that the iron would 
oxidize so as to give equilibrium with air. That this was true 
to the order of accuracy required was proved by the ability to 
duplicate results; therefore, the iron also was considered a single 
constituent. This ability to melt in air and work on a three- 
component basis was of great advantage and was a method of 
attack absolutely necessary if advance was to be made with any 
speed. 

The second report (see Fig. 7) showed the relation of the flow 
temperature to the chemical composition on this basis and 
expressed the iron as equivalent Fe,0;. Since that report was 
written, more determinations have been made in air, and a re- 
vised figure based on about 250 tests has been derived, but 
it does not differ materially from the old Fig. 7. This revised 
figure is not included, because analyses of the samples received 
from the stations show that the iron in the slags is much more 
reduced than were the slags melted in air; however, this new 
figure is the basis from which the effect of the forms of iron is 
derived. 

The second report did not attempt to predict the effect of 
reduction of iron (that is, conversion of Fe,0; to FeO and Fe), 
because no data were available. It is evident that if the in- 
vestigation were to be thorough, each of the compositions repre- 
sented by the 250 points should be tested with the iron in various 
proportions of Fe,0;, FeO, and Fe, which again makes a three- 
component system for each point and for which many tests 
would be required—evidently an impossibility at this time. 
However, when the slags were reduced by subjecting them to a 
reducing atmosphere, it was found that, with few exceptions, 
the ratio of FeO to Fe was high and somewhat constant for the 
same degree of reduction; therefore, the first approach would be 
to consider them as one—for example, the equivalent FeO. 
This left one variable for each composition—namely, the ratio 
of the iron in the Fe,O; to the total iron, or the ratio of the Fe,0; 
to the total iron expressed as Fe,Os. 

Determination of the flow temperatures of slags with varying 
degrees of reduction required the development of new methods 
and apparatus; a full description of these is not included in this 
report. Briefly, they consisted of two new small furnaces. 
One was a platinum-resistance furnace similar in principle to 
that shown in Fig. 2 of the second report except that it was en- 
closed in a metal casing so that an atmosphere of nitrogen could 
be maintained around the slag contained in the crucible; thus 
slags previously reduced could be prevented from oxidizing. 
The other furnace was gas-fired. Various reducing atmospheres 
of the required temperature could be obtained by some combina- 
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tion of natural gas, air, and oxygen; this furnace was used for 


reducing the slags and for determining the resulting flow tempera- 
ture. 

The process of determining the flow temperature with the 
iron in a series of reduced states is more complicated and requires 
much more time than does a determination in air; in addition, 
each determination requires at least one chemical analysis. 
The determinations made have therefore been limited in number, 
but so scattered over the field of compositions represented by 
slags from slag-tap furnaces that the order of the effect over 
the whole field could be interpolated with fair probable accuracy. 
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Fic. 1 Errect or CHANGE IN Forms oF IRON ON THE FLow 
TEMPERATURES OF SLaGs 


Fig. 1 illustrates the type of results obtained and gives curves 
for two slags of different compositions. The flow temperature 
is plotted against the “ferric percentage;” that is, the actual 
ferric iron (Fe,O3) in the slag, found by an analysis for the forms 
of iron, expressed as per cent of 


total iron in the slag calculated 
to Fe,0;. This is given by 


$3 


Ferric percentage = 
Fe,0; 
Fe,0O; + 1.11 FeO + 1.43 Fe 
X 100 
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the other slags. As may be seen, some of the test points fall 
as much as 80 deg off the mean curve; the possible reasons for 
this will not be discussed, but the agreement of the two mean 
curves shows that the values for the part of the field covered by 
these compositions are probably reliable. 

The curves show that the ferric percentages in air were 75 
and 85 per cent, respectively; with decreasing ferric iron, the 
drop in flow temperature was not rapid down to 50 per cent, but 
below 50 per cent the flow temperature decreased 10 deg for each 
per cent drop of ferric percentage. For the State Line slag with 
a ferric percentage of 10, the flow temperature is 480 deg below 
that in air. 

The forms of the curves for ferric percentages above the air 
values is of no interest, because slags will not be subjected to 
oxidizing conditions greater than that of air. What will be the 
relationship below 10 per cent ferric iron cannot be predicted 
definitely, because the conditions of testing did not give complete 
reduction. As the Fe,O; becomes very small, the free iron has 
been found to increase; one would expect that the flow tempera- 
ture would not be the same as it would have been if the metallic 
iron had remained low. It is also probable that for the same 
ferric percentage the flow temperature would increase with in- 
crease of metallic iron. There are few data on this phase of the 
subject. However, it is probable that the ratio of Fe to FeO 
may vary for ferric percentages below 10; the atmosphere re- 
quired to reduce the slag to extreme limits may result in deposi- 
tion of carbon on the slag, with corresponding uncertainty on the 
equilibrium between the Fe and FeO. In the extreme, all the 
Fe.0; may disappear and another series of conditions arise in 
which there will be FeO and Fe in varying proportions. The 
slags from slag-tap furnaces have not indicated rapid increase 
of metallic iron with low Fe,0;, but rather with increase in the 
total iron content of the slag. It has been shown, however, that 
if fly ash containing combustible is introduced into the furnace 
in large quantities, there may possibly be no Fe.,O0; and a large 
proportion of Fe. 
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where the values on the right- 
hand side are the percentages 


of Fe,0;, FeO, and Fe found by 
analysis of the slag. 

The two slags shown are State 
Line—the complete analysis of 


+t, 


which is given in column D of 


Table 1—and a synthetic slag 


designated as slag O, one of — a 


those made to cover the field. 
Their essential compositions 


were: 


Fe203, 
per cent 
37.5 
40.0 


ratio 


CaO + MgO, 
per cent 


8.4 
10.0 
The test points are given; as the State Line slag was used in 


the original experimentation, a large number of tests were made. 
It was impossible, however, to make the same number for all 
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Fig. 2 Errect or CHANGE IN FerRIC PERCENTAGE ON FLow TEMPERATURE OF CoAL-ASH SLAGS 


Determinations similar to that of slag O for flow temperatures 
with various states of reduction of the iron were made for slags 
having other percentages of iron and lime. The desired com- 
positions were obtained by mixing coal ashes of known composi- 
tion in the correct proportions and by adding other constituents 
for small adjustments. Instead of giving individual figures for 
each slag, all have been plotted on one sheet so that their rela- 
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tion to the composition can be seen. A silica-alumina ratio of 
1.85 was used in the synthetic slags. 

Fig. 2 shows this plot. The compositions of the slags tested 
are indicated by the heavy dots; these dots are thus points 
related to the main axes. [or example, on the basis used for elimi- 
nating the small quantities of alkalis and other constituents, slag 
C had a composition of equivalent Fe,O, = 10.4; CaO + MgO 
= 10; SiO, + Al,O; = 79.6. 

The curves showing the effect on the flow temperature of the 
forms of the iron are drawn through the points representing the 
compositions and are so placed 
that the points on the curves 
which represent a ferric percent- | 
age of 10 are on the points of 
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Fe,0;, the ferric percentage for minimum flow temperature de- 
creases and reaches 10, with slags containing, probably, about 20 
per cent equivalent Fe,O;. 

3 As the iron content of the slag increases beyond 20 per 
cent, the decrease in flow temperature for a given decrease in 
ferric percentage becomes greater. 

4 With the same iron content and increasing lime (up to 16 
per cent), the influence of the state of the iron on the flow tem- 
perature becomes less when the iron content is low (10 per cent) 
and is not affected if it is high (40 per cent) 


composition—that is, the big P) 
dots. The reason for this is 
made clear in the discussion of 
Fig. 3. 

On the upper part of Fig. 2 


a skeleton scale is given for the 
individual curves. In using this 
scale with any one of the curves, 
the intersection of its axes would 
be placed on the large dots of the 
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curve, and the difference between 
the flow temperature for the 
ferric percentage of 10 and any 
other percentage can be read off; 
therefore, if the flow tempera- 


Ca0+ MgO, PERCENT 


= 


ture at 10 per cent is known, 
that for any other ferric per- 
centage can be found. It is not 


necessary to actually superim- 
pose this scale, because the divi- 


LINES FOR CaO WHEN BQUIVA 
ONLY IS INCREASED 


sions are the same as those for 
the main plot of composition, 
and it is easy to find the re- 
quired temperature difference. 

If the composition of the slag 
being considered does not lie on or near one of the large dots, 
then it is necessary to interpolate, or to sketch in a curve the 
shape of which must be judged from those of the compositions 
surrounding it on the assumption that the shapes of the curves 
change gradually with change in composition; the relative 
shapes of the curves given show that such an assumption is 
reasonable. 

However, a plant engineer would not usually want an exact 
value for the flow temperature, because he cannot predict the 
exact composition of the slag from day to day and still less the 
degree of reduction of the iron in it; rather, he will be interested 
in the general effect. 

The relations between the curves and the composition of the 
slags need not be described; these can be best understood by 
studying Fig. 2. On each curve three other points are indicated; 
the points corresponding to the equilibrium which resulted by 
melting in air are indicated by crosses, the clear circles are the 
points of a ferric percentage of 50, and the small dots at the ex- 
treme left of the curves are the points of a ferric percentage of 0. 
As previously statec, the shapes of the curves between 10 and 0 
were not determined; they are shown as prolongations of the 
known curves except for point 7’. 

The outstanding principles can be summarized as follows: 

1 With slags containing an equivalent Fe,O; of 10 per cent, 
the minimum flow temperature occurs at a ferric percentage of 
about 30. 

2 As the iron content of the slag increases above 10 per cent 
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APPROXIMATE FLow TEMPERATURES OF COAL-ASH SLAGS FOR A ‘‘FeERRIC PERCENTAGE” OF 10 
[Ferric percentage = Fe:Os as per cent of total iron expressed as Fe:O3; curves apply more closely to slags 
having a SiO2-AlsOs; ratio of 1.7 to 2.0. The Fe:O3 and the (CaO + MgO) are calculated on the 

bases of (SiOz: + AlzO3) + equivalent FexO; + (CaO + MgO) = 100 per cent.] 


Because the flow temperature is dependent on the three vari- 
ables, a series of charts would be required to read off the values 
directly. Such a series could be made by taking successive 
values for the ferric percentage—one chart to show a ferric per- 
centage of 50, another 40, and soon. As such a series cannot be 
included in this report, only one is given. The analyses of the 
slags received from the stations operating slag-tap furnaces 
showed that a ferric percentage of 10 was fairly representative; 
therefore, a chart was made up for that value. 

Fig. 3 shows this plot; the title gives the limitations of its ap- 
plication. It is based on the revised chart of Fig. 7 of the second 
report and Fig. 2 of this paper, together with a number of isolated 
values not included in the latter figure. As Fig. 2 covers only a 
portion of the field, the reliable parts of the curves of Fig. 3 are 
shown in full lines; the dotted parts are based on assumptions of 
what the shape of the curves similar to those of Fig. 2 would be, 
and cannot be considered as exact. 

To predict the flow temperature of a slag the ferric percentage 
of which is other than 10, Fig. 2 would be used in conjunction with 
Fig. 3. The process would be: 

1 On Fig. 3 locate the point for the composition of the slag, 
and then read the corresponding flow temperature. 

2 On Fig. 2 locate the point for the composition of the slag, 
and then determine the increase or decrease of flow temperature 
corresponding to the new ferric percentage. 

3 Add (1) and (2) algebraically. 

The slags of the more common coals lie within the area of 
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Fig. 3 covered by the full-line curves. Also the silica-alumina 
ratio usually lies within the limits of the figure, and the alkalis 
are usually not greater than 3 per cent. The following general 
rules can be used as a guide for unusual slags: 

1 Variations of the silica-alumina ratio make little differ- 
ence in the flow temperature within the field of 30 per cent FeO; 
and 10 per cent CaO + MgO. As the quantity of these fluxes 
increases, an increase in the silica-alumina ratio will lower the flow 
temperature. 

2 An increase in alkalis above 3 per cent will make little 
difference in the flow temperature if the CaO + MgO is below 18 
per cent; their effect can be approximated by adding '/2 (per 
cent alkalis — 3) to the CaO + MgO. The effect of alkalis in 
lowering the flow temperature increases materially with increase 
in lime above 18 per cent. 

The information given in this section should be sufficient for 
present requirements in connection with slag-tap furnaces. It is 
probably as reliable as the furnace operator’s knowledge of the 
composition of the slag and of operating conditions affecting it. 

Only such information as will be useful in plant operation has 
been presented in this section of the report. It does not include 
discussion of factors which may have a bearing on the reliability 
of values, but which were not determined experimentally, and 
can rarely be defined or controlled in the furnace. Two such 
factors are the time that slags must be subjected to a given set 
of conditions in order that they may reach a constant state and 
the series of events through which they pass. 


EFFECT OF FERRIC PERCENTAGES ON EFFECTIVENESS OF 
FLUXES 


In the second report the tests of the fluxing effect of a number 
of materials on coal-ash slags were carried ‘out in air; the iron in 
the slag was allowed to assume that state of oxidation (ferric per- 
centage) that gave equilibrium with air, and the values for the 
lowering of the flow temperature which resulted were determined. 
The question is: Will that same lowering of temperature occur 
with other values for the ferric percentage? 

Figs. 2 and 3 give a complete answer for the use of either iron 
or lime as fluxes providing the ferric percentage both before and 
after adding the flux is known. If limestone is used as a flux and 
if, for example, before fluxing the ferric percentage of the slag is10, 
then there is the possibility that the limestone might oxidize the 
iron and the ferric percentage be raised to 30, in which event 
the fluxing might be less effective than it would have been if 
the ferric percentage had remained at 10. Tests have shown 
that, with some slags, oxidation did occur when limestone was 
added, even though there was an attempt to prevent it. 

How much the reducing atmosphere at the surface of the bed of 
a furnace might retard the oxidizing effect or whether it could 
reduce the iron back to its original state of oxidation is not known, 
but this investigation has indicated that when the ash has once 
formed a slag, the reduction of the iron in the body of the slag by 
the action of gases at the surface is slow. 

Such actions add complications which cannot be avoided. It 
is suggested, however, that Fig. 3 be used and that the possibility 
of oxidation be allowed for by adding to the decrease in flow tem- 
perature desired the following number of degrees: 


” 20 30 40 


Fe20; content of slag before fluxing, per cent. 
A 25 50 75 


dition, deg fahr 


The procedure for finding the required quantity of limestone 
is the same as that described in the second report, Fig. 7, and will 
not be repeated. 

The only other fluxes that might possibly be used are fluorspar, 
salt cake, or soda ash. No additional data are available, 
and it is suggested that the information given in the last report 
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for the lowering of temperature produced by these fluxes be used. 
Adding fluxes as a regular procedure has not been found neces- 
sary; when they are added occasionally, only a general idea of 


the quantity required is necessary. 


The request for cooperation in obtaining samples was sent in 
June, 1932, to 16 stations operating slag-tap furnaces; four were 
not in a position to comply. The only stations not asked were 
Bremo, Hell Gate, South Amboy, and State Line; samples of 
slag had been received from these stations previously, and al- 
though these samples did not comply with all the conditions 
desired, yet the additional trouble and expense were not war- 
ranted. 

The request specified small samples of coal, slag, and fly ash 
which were true average samples of the same period of opera- 
tion—24 hr if possible. It also suggested methods, but recog- 
nized that conditions and facilities would not be alike. The 
temperature of the slag at the time of tapping, operating records 
during the test period, and details of furnace and burners were 
also requested. 

Most of the stations sampled the coal at the feeders; in addi- 
tion, some sent samples of the pulverized coal. The usual method 
of sampling the slag was to take grabs from the stream every 
few minutes during the tapping and to immediately quench the 
ladle. Some stations could not sample the fly ash. With one 
exception, those that did used a sampling pipe facing the gas 
stream and the exhaust and dust-bag method for collecting the 
dust; the position of sampling differed, but apparently no sta- 
tion attempted to traverse the stream. The stations reduced the 
total material collected to 2 to 4 qt for shipment. 

The materials received by the Bureau were treated by its 
standard method and reduced to smaller samples ground to the 
requisite sieve size. The standard determinations made were: 


Coal: Proximate analysis and sieve sizes of pulverized 
coal 

Coal ash: Chemical analysis; A.S.T.M. cone fusion values; 
flow temperature in the air furnace 

Slag: Chemical analysis including forms of iron; A.S.T.M. 
cone fusion values; flow temperature in the air furnace; 

flow temperature in the nitrogen furnace; determina- 

tion of forms of iron after the test in the nitrogen furnace 

to check for change 

Fly ash: Combustible and sulphur; chemical analysis of 
the ash, including forms of iron; A.S.T.M. cone fusion 
values; flow temperature in the air furnace. 


SAMPLES FROM STATIONS 
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These data, with the descriptive information received from 
the stations, make a formidable mass of information. Table 1 
gives the minimum necessary. The data from the stations are 
only essential facts; the test data include all the standard deter- 
minations except the flow temperatures in the air furnace. 

The stations are arranged in the order of increasing tempera- 
tures at which the slag as received would flow. This value is the 
flow temperature as determined in the nitrogen furnace, item 35, 
Table 1. 

A study of this table is simplified by listing the items on which 
the table may throw some light. The following are outstanding: 

1 Knowing the properties of the coal ash, is it possible to 
predict those of the slag, and how much will they differ? 

2 Is there any outstanding difference in the slags caused by 
the furnaces or burners? 

3 Is there any relation between the rate of burning and the 
type of slag produced? 

The constructional data of the furnaces included (item 4) are 
limited tc the horizontal cross-section in the direction of the 
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travel of the flame and at right angles to it. The burners are 
described (items 5 and 6) by type and whether they project the 
flame horizontally or on to the bed. 

The rating at which the test was run is expressed (items 9 and 
10) in pounds of fuel burned per hour and the heat release in 
Btu per square foot of horizontal area; it was thought that this 
one-figure value is more nearly related to the deposition of ash, 
although a number of other factors are undoubtedly related to 
it—an obvious one, the position of the burners, whether in one or 
tworows. Atsome stations the rate of burning was not constant; 
if it were maintained constant for several hours before tapping, 
that value was used for the heat release. 

The fuels burned (item 11) included one lignite, eight bi- 
tuminous coals, four semi-bituminous coals, and one petroleum 
coke. The ash contents of the coals ranged from 12.4 to 5.2 per 
cent, and 1 per cent for the petroleum coke. 

Eight stations sampled the fly ash from the gas stream, and 
one (R) sent a grab from deposits. The combustible in the fly 
ash (item 17) ran from 1.5 to 27 per cent for the samples collected 
from the gas streams; that for the petroleum coke was 56 per 
cent because of the small amount of ash in the gas stream. 

The analyses of the ash (items 18 to 27) present a good cross- 
section of the variations in coals the ash of which is fusible enough 
so that the coal can be used in a slag-tap furnace; the only type 
missing is that of coals from the Pacific Coast, which have shown 
peculiarities compared with other coals. The bases adopted for 
showing the analyses are: 

(a) The coal ashes are shown with 0.0 per cent SO; (item 26). 
It is so given because the quantity of sulphur found by analysis 
is dependent on the temperature and time of ashing and has little 
meaning. 

(b) The analyses of the slags are for the samples as received. 

(c) The analyses for the fly ashes are on the combustible-free 
basis. 

(d) The forms of iron are given for the slags and fly ashes. 
In addition, the total equivalent iron expressed as FeO (item 23) 
is given so that the total iron in the coal ash, slag, and fly ash can 
be compared. 

(e) Item 29 is the actual Fe,O; divided by the total equivalent 
Fe,O;, in per cent; it is the value previously defined as “ferric 
percentage.” 

(f) Although the analyses of the coal ash, slag, and fly ash are 
each shown on the most informative basis, yet in an attempt to 
compare them strictly or to apply them to diagrams such as Fig. 3 
they must be reduced to the same basis of SiO, + Al,O; + equiva- 
lent Fe,0; + CaO + MgO = 100. 

As the stations are arranged in increasing order of the flow 
temperatures (Table 1), the fluxing constituents in the ashes de- 
crease from station A to R. In the coal ash of A, the Fe,0; 
was 41 per cent and the (CaO + MgO) 9.3; in R, they were 9.1 
and 1.8, respectively. The other main fluxing constituent, the 
alkalis (item 27), varied little. 


CoMPARISON oF ANALYSES OF Coat Asu, SLAG, AND Fiy 


In spite of the care in sampling taken by the stations, the 
analyses show that the samples of slag and fly ash do not cor- 
respond to those of the coal. If they did and if the comparisons 
are made with the analyses reduced to the same basis, then the 
percentages for each component (SiQ:, for example) should be 
such that the percentage for the coal ash would lie between those 
of the slag and the fly ash. If the samples corresponded ex- 
actly and if C, S, and F were the percentages of any one com- 
ponent of the coal, slag, and fly ash, respectively, then 


“Analyses of Washington Coals,” U. S. Bureau of Mines Techni-_ 
cal Paper 491, p. 100. 
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should have the same value (W) for all the components, and 
W would be the pounds of slag per pound of coal ash. Not only 
does the value of W differ for the various constituents, but no set 
of three samples fulfils even the first general condition. 

This is a good illustration of the difficulty of obtaining true 
samples. In all probability the greatest error is in the sampling 
of the fly ash. Even when the sample is collected by suction 
and a dust bag, the collecting pipe is placed in one small area of 
the gas stream, and ash is also deposited before it reaches the 
point of collection. 

There may also be errors in the slag, although one would 
expect the tapping operation to mix portions from different parts 
of the bed. In addition, many stations followed the request that 
the test be made after burning the same coal for several days. 
Yet if the composition of the slag is not the same over the area of 
the bed, then the composition of that tapped will vary with the 
temperature of the furnace during the run preceding the tapping. 
In spite of such possibilities, the slag samples should be fairly 
representative, as was indicated by the test at station Q. This 
test was run continuously for three days and gave six sets of 
samples for periods of approximately 12 hr each; because of the 
space required, the individual tests are not given in Table 1; 
the values in column Q are averages, but the analyses are closely 
similar, as is shown by the following values for the slag: 


RP-56-3 451 


Test 1 2 3 4 5 6 

51.0 50.8 50.9 50.0 50.8 50.8 
29.4 29.4 29.5 28.5 29.5 29.1 
13.1 13.9 14.6 14.2 14.5 12.4 
4.8 4.6 4.4 4.6 4.4 4.3 


It was unfortunate that the fly ash at this station could not be 
sampled. 

The three analyses most nearly correspond at station H, 
which used lignite as the fuel. The weight W of the slag ex- 
pressed as a percentage of the ash in the coal, as computed from 
the components, would be: On the SiO, basis, 27; FeO; basis, 
38; CaO basis, 34; MgO basis, 37. The Al.O3 was nearly the 
same in all three samples and cannot be used. The 37 per cent 
seems a reasonable figure. 

Except for this one station, the percentage of slag cannot be 
deduced from the analyses. Two stations did, however, obtain 
values for this factor, and the values should be reliable because 
they are based on the weight of the slag tapped and great care 
was taken by both stations. The summary of the reports is: 


Slag as per cent of ash in coal................. 45.0 16.6 


The test at R did not correspond with the sampling test, nor 
was exactly the same coal used. That at Q corresponded with 
the sampling period. The method of tapping at Q was very con- 
venient for the storage and handling of the slag; when removed 
from the storage tank, it was placed on cars and allowed to dry 
until the weight became constant. 

The slags of these two stations had the highest flow tempera- 
tures. Station A, with the lowest, sent no fly ash; the analyses of 
B do not line up well, but if the values for the Fe.O; are taken as 
correct, the slag computes to 89 per cent of the ash in the coal, 
which, though high, is in the right direction for a very low-fusion 
ash. 

Selective Action in Combustion Chamber. One would expect 
that particles of ash that fuse easily would have a greater chance 
of being deposited on the bed and that consequently the slag 
would contain a greater proportion of the fluxes and would have a 
lower flow temperature than the ash of the coal; as a result, the 
fly ash would contain less fluxes. This presumption is confirmed 
by the analyses, but the selective action was not as large as earlier 
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Quindaro, 
Kansas City, Kan. 


Furnace, depth by width, ft 
Burner, number and type 
Inclination of burners 
Type of bottom 


17.8 X 21.5 
4, cross-tube 
Inclined 
Water cooled 


“ID 


Duration of test, hr 

Coal per hour, lb 

Heat release, per sq ft per hr, Btu 
Coal: Rank 


12 
12,220 
389,000 
Bituminous 
Cherokee 
Pittsburg, Kan. 
Slag F, A.d 


342 None 


Coal 
326 

11.7 
4.1 


Sample No 
Ash in coal, per cent 
Sulphur in coal, per cent 


Ratio SiOz to AlOs 
Fe203; to total Fe as Fe2O3, per cent 
Ash fusions, F: 

A.S.T.M. standard cone: 
Initial temperature 
Softening temperature 
Fluid temperature 

Electric furnace, in Ne: 
Sticky temperature 
Penetration temperature 
Flow temperature 


Ease of tapping Freely 


Slag temperature, F 


@ Presence of sulphide iron interfered with determination of forms of iron. 6 Sample collected in 1931. 


J 


Huntley, No. 2, 
Buffalo, N. Y. 
Nos. 2 and 3 


Boiler number 
Furnace, depth by width, ft 19.8 X 35 aay 
Burner, number and type 6, cross tube a 
Inclination of burners 
Type of bottom 


Duration of test, hr 

Coal per hour, lb 

Heat release, per sq ft per hr, Btu 
Coal: Rank 


10 (test No. 9) 
40,000 
750,000 
Bituminous 
Pittsburgh 
South of Pgh., Pa. 
Coal Slag F.A 
Sample No 410 412 
Ash in coal, per cent 50 ; 
Sulphur in coal, per cent 
Combustible in fly ash, per cent 
Analysis of ash, per cent: 


Ratio SiOz to AlOs 
FeO; to total Fe as Fe2O:, per cent 
Ash fusions, F: 

A.S.T.M. standard cone: 
Initial temperature 
Softening temperature 
Fluid temperature 

Electric furnace, in Ne: 
Sticky temperature 
Penetration temperature 
Flow temperature 


CO 
Om 


Ease of tapping 
Slag temperature, F 


e Estimated from Figs. 2 and 3. 


4, cross-tube 
Water cooled 


Bituminous 


Springfield, 


Sheboygan, Wis. 
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TABLE 1 DATA OF 
Cb 
Deepwater, 
Penn's Grove, N. J. 
No. 6 

17 X 34.5 
4 


Horizontal 
Refractory 


B 


Powerton, 
Pekin, 


Horizontal 


3 Not special 
43,700 
714,000 
Semi-bituminous 
Miller, B 
Waterms an, Pa. 
Slag Coal Slag 


325 ce 205 None 


No. 5 


3:4 


tow 


to 


to 


Ow 


tonto 


1980 
2025 
2095 


Freely Freely 


ec Analysis of coal made by station. 


TABLE 1 DATA OF SAMPLES 
K L 


Edgewater, Bremo, 
Bremo Bluff, Va. 


21-xX 23 
Cross tube 

Vertical 
Air cooled 


6, intertube 
Horizontal 


* 
7 

20,000 

545,000 


No. 


Semi- 
Sewell, 
Coal Slag 


288 289 


Ne 


4 
” 

10 

ah. 
1880 1910 1910 2260 

4 
7 
4 

iv? 

| 
14 357 3 

2155 2085 2215 2180 2035 
32 2530 2630 2625 2540 2535 


SAMPLES FROM STATIONS 

D E F 
Horseshoe Lake 7 Michigan City, 


= 


2420 


State Line, Toronto, Valmont, Philo, 
Chicago, Ill. Oklahoma Okla, Michigan City, Ind. Ohio Denver, Colo. Philo, Ohio 
No. 5 No. 3 No. No. 3-4 
16.5.5 '23.5 20 X 26.5 33 19.5 X 23.7 20.5 X 25 
4, cross-tube 2, Calumet 7 7 4, cross-tu 7 4, intertube Cross tube 4, intertube ; 
Inclined ~~ Vertical ve Inclined Horizontal Vertical Inclined 
Refractory Coke cans Refractory pa Refractory Refractory Air cooled 
Not special 24 60 20 24 24 
14,500 26,000 (est.) 19,100 26,000 (est.) 25,700 
eSncnesee 430,000 740,000 494,000 540,000 5,000 
sang pees y Bituminous Petroleum coke Bituminous Lignite Bituminous 
Nos. 5 and 6 McAlester Oil refinery Pittsburgh, No. 8 Grant mine Middle Kittanning, No.6 7 
Kincaid, Ill. Mixture; Okla. E. Chicago, Ill. Richland, ‘Ohio Firestone, Colo. ixture; Ohio 
Coal Slag F.A. Coal Slag F. A. Coal Slag F. Coal Slag wg Coal Slag F.A. Coal Slag F. A. 
229 227 None 389 388 390 405 404 406 360 359 361 382 381 383 422 421 None 
4.4 5.6 an 5.6 wea 2.1 we 
41.1 38.6 39.4 42.1 39.0 12.4 35.8 5.4 44.8 42.2 42.6 39.6 47.5 36.5 42.2 39.8 
17.0 15.4 23.2 22.5 22.6 4.4 16.8 3.7 21.4 22.7 22.6 19.1 18.8 19.5 26.5 23.7 «é 
30.9 5 23.5 2.2 16.6 11.2 0.7 9.2 28.3 4.0 21.6 9.8 1.4 6.9 24.6 7.6 e 
19.3 wee 15.6 5.0 6.5 23.8 5.5 8.5 1.3 21.0 eee 
3.1 1.3 0.0 1.5 0.0 0.0 0.8 0.0 eee 3.3 
és 21.4 22.5 10.0 11.1 32.0 27.7 11.9 8.3 32.5 
.6 és 9.0 11.2 9.1 68.6 35.3 49.5 3.3 4.2 3.6 20.7 16.7 22.2 4.1 4.3 
8 ee 2.3 2.6 2.6 3.4 3.6 2.2 0.7 0.8 0.9 5.7 3.2 7.0 0.8 0.8 
2 ae 0.0 0.3 1.9 0.0 0.1 25.3 0.0 0.3 1.9 0.0 0.3 2.3 0.0 0.1 
.3 2.6 2.2 3.2 ae wae 3.0 1.5 0.9 1.3 5.1 2.8 4.3 1 1.6 
1.69 1.87 1.72 2.82 2.13 1.47 2.09 1.82 1.88 2.08 2.52 1.88 1.59 1.68 
10.0 73.0 es 7 83.0 12.0 78.0 12.0 84.0 23.0 
2050 2120 2105 2640 2265 2570 2015 2085 2085 2065 1950 
2110 2195 2160 2645 2360 2580 2060 2150 2130 2225 2100 
2450 2410 2450 2655 2430 2605 2205 2470 2450 2500 2500 
2245 2230 2010 2120 
2345 ‘ 2365 2380 2390 
Freely . Slow and Freely Fairly 
sticky freely 
2300 we 2310 to 2737 to 


M N oO 
South Amboy, Deepwater Springdale, 
South Amboy, N a Penn's Grove, N. J Springdale, Pa. len Lyn, Va 
Yo. No. 4 < No. 5 No. 6 
17.5 X 25 17 X 34.5 17 X 34.5 17 X 34.5 20 x 24.4 Pet h.. 
. Calumet 4, cross tube * rag 6, Lopulco 4, cross tube 8, opposed 4, intertube 
= Coke Coke Coke Air cooled Air cooled 
Not special ’ 12 12 12 72 
757,000 825,000 905,000 769,000 604,000-final 
Semi-bituminous Semi-bituminous Bituminous Semibituminous 
Pocahontas Mixtures of Pocahontas and Beckley seams Freeport No. 3, Pocahontas 
West Va. West Virginia Logans Ferry, ty 9 Kilpoca mine 
Coal Slag F. A. Coal Slag F.A. Coal Slag F.A. Coal Slag F.A. Coal Slag F. Coal Slag F. A. 
287 286 None 336 334 335 340 338 339 22 321 324 Average of 6 tests 363 362 365 
0.6 0.6 ees 0.6 Per 1.15 0.6 
43.0 48.2 47.1 49.4 47.8 45.4 49.0 47.8 48.3 49.8 49.0 50.8 50.8 53.1 54.3 53.9 
24.6 25.0 29.0 26.4 30.6 29.2 27.7 30.2 27.8 27.6 30.2 30.6 29.2 33.8 30.5 28.6 
16.9 1.0 11.8 4.4 8.8 12.5 3.1 8.2 13.2 1.4 7.8 11.0 0.3 9.1 0.3 4.2 
11.9 wee 7.3 2.0 2.3 8.5 3.0 12.0 8.0 5.4 
1.8 0.3 0.0 0.4 0.0 0.3 0.0 0.3 0.1 0.0 
16.8 12.9 11.0 12.2 10.8 11.2 14.1 9.3 10.2 
6.0 6.6 ( 8.4 4.5 8.7 8.2 4.8 6.2 8.7 4.3 5.0 4.5 1.0 2.8 2.7 
1.9 2.0 i Bue 1.6 1 Lie 1.6 2.3 1.9 1.6 0.6 0.7 0.8 1.2 1.9 
0.0 0.0 0.0 0.3 2.4 0.0 0.4 2.4 0.0 0.2 1.4 0.0 0.3 0.0 0.1 1.5 
2.0 3.5 3.3 1.8 2.3 2.5 1.8 2.7 2.2 1.6 2.7 2.0 1.9 2.2 2.7 2.7 
1.75 1.93 1.63 1.78 1.56 1.56 1.77 1.58 1.74 1.80 1.63 1.66 1.74 1.57 1.78 1.88 
6.0 .. 84.0 80.0 25.0 76.0 12.0 71.0 2.1 wee 3.2 41.0 
2110 2075 2240 2270 2245 2280 2280 2285 2235 2310 2180 2400 2170 ‘ 2725 2350 2385 
2225 2170 2335 2335 2380 2340 2320 2405 2305 2365 2415 2490 300 oe 2795 2530 2530 
2520 2520 2640 2635 2750 2640 2635 2665 2585 2520 2645 2680 2675 eee 2850 2815 2766 
1805 1910 ee eee 1870 eee 1960 eee eee 2170 eee 
2140 2110 ues 2070 aaa 2180 2325 
2445¢ 2505 2565 eee 2555 ee eae 2685 coe wo 
Viscous Viscous... coe coe eee Freely coo ccc 
2615 to ... 2795 ccc coo cee coo tO ccc 
2910 avg. 2896 2780 2950 


ae 
& 


=e 
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go otiese ws TABLE 2 COMPARISONS OF SELECTIVE ACTION AND METALLIC IRON IN THE SLAGS 


Equivalent Fe203 as per cent of Fe:O3 
in coal ash 

CaO as per cent of CaO in coal ash. . 

Metallic Fe as per cent of total Fe... 


(89) 
(52) 
21 


Table 2 shows the iron and lime in the slag as percentages of 
those in the coal ash; the values in brackets are not included in 
the averages because they are not representative; at station F, 

_ where petroleum coke was burned, the slag would be expected to 

_ be contaminated with the lining of the bed or with slag remaining 

_ from the burning of coal. Four slags showed a decrease in iron 

and five a decrease in lime, but none of them showed a decrease 
in both. 

The alkalis in the slag were invariably lower than in the coal 
ash, probably because some of the alkali was volatilized; most 
sets of samples show alkalis to be missing. 

The average increase in iron was 11 per cent and of lime 13 per 
cent; although these increases are not large, yet they aid in 

lowering the flow temperature of the slags. The relative increases 
of the fluxes in the various slags cannot be explained with any cer- 
tainty; the action is probably quite complicated. 

Another selective action is important, namely—the increase 

of the silica as expressed by the silica-alumina ratio, item 29 of 
_ Table 1. The increase of silica in the slag is very definite and 


was noted for all the coals except G; this one exception cannot be 


explained. Neglecting F and G, the average increase in the silica- 
alumina ratio was about 10 per cent. 

r Ferric-Iron Percentage. Fig. 2 shows that the flow temperature 
is very dependent on the reduction of the iron, particuiarly as 
_ the total iron in the slag increases. Item 29, Table 1, gives the fer- 

ric percentage; for the slags, it ranged from 2.1 for Q to 34 for N. 

There is no apparent connection between the ferric percentage 

and the chemical composition, nor with the rates of heat release 

per square foot of item 10. Thus both N and R burned semi- 
: bituminous coals, and the rate of heat release per square foot 
was the same, but N had a ferric percentage of 34 and R of 3.2; 
7 the heat release per cubic foot is not given, but they are also 
_ about the same for these two stations. 

The factors that fix the degree of reduction of the iron in 
the slag cannot be named definitely. The iron in the coal ash is 
largely a sulphide. Are the particles reduced to the ferrous 
state in the flame before they reach the bed or are they reduced 
after reaching the bed? The evidence points to the latter sup- 
position. 

Item 29, Table 1, shows that the ferric percentages of the fly 
_ ashes were all high, averaging about 75. They were usually 

above those of the corresponding slags when in equilibrium with 

air, as shown by the following: 

B EF GH Jj 
82 73 83 78 84 64 


-3 12 —2 0 


x R 


20 26 16 —13 


Ferric percentage 
Increase or decrease 
above air value.... 


Although some oxidation may occur, it is not likely that the 
particles were highly reduced while in the flame and oxidized as 
they cooled, because the time would be short and they were 
in contact with the furnace gases. It is more likely that the time 
did not permit the average particles to be fully reduced before 
they reached the bed. What actually happens when a particle 
falls on the bed is conjecture, but by watching them one can see 
that a large number at least are not immediately absorbed. 

That there is often a kind of scum on the bed has been noticed 
when attempts were made to take temperatures with an optical 
instrument. During the tapping of a furnace at station G, 
particles coming off the top of the slag were noticed, and a ladleful 
was caught without slag. This ash was analyzed and gave SiO, 
36 per cent; Al,O;, 23 per cent; base ales Fe,0;, 24 per cent; 
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G H I J K L M Q 
123 132 116 76 


81 105 76 133 
5 8 5 2 5 


141 99 109 98 
(68) (100) 118 94 
cee 15 3. 


85 
140 
4 


128 102 111 
90 (280) 113 
3 2 8 
CaO, 4.7 per cent; MgO, 0.7 per cent; sulphur, 5.4 per cent. 
Because of the sulphur the forms of iron could not be deter- 
mined, but about half of the iron must have been sulphide. 
This analysis proves little, but shows that all the particles of sul- 
phide are not fully oxidized when they reach the bed. 

Station J sent samples collected during 4 special series of 
tests in which the rates of burning were varied, but only two sets 
have been analyzed to date. The results do not confirm the 
supposition that the ferric percentage decreases with rating; in- 
stead, they show the reverse as follows: Test 7, with 15,000 lb 
coal per hour, ferric percentage, 17.5; test 9, with 40,000 lb coal 
per hour, ferric percentage, 26.0. Thus the rate of burning is 
not the sole criterion. The appendix gives further data. 

As stated, the general effect of the ferric percentage on the flow 
temperature can be judged from Fig. 2. With low iron the 
curves show that the minimum flow temperature does not occur 
with the smallest ferric percentage; one would infer, therefore, 
that when the iron is low it should not be reduced too much. 
This point was checked by tests on the slag of R, which had the 
highest flow temperature. On the basis called for in the title of 
Fig. 2, the slag had 9.5 per cent Fe.O; and 4.1 (CaO + MgO); 
the point for this composition lies near point B of Fig. 2. The 
slag as received had a ferric percentage of 3.2, and the flow tem- 
perature was higher than the limit fixed for the furnace, but 
was above 2730 F. The slag was oxidized at a low rate with the 
temperature maintained at 2720 F; its fluidity increased and 
finally attained that fixed as a standard. An analysis of the slag 
in this state gave a ferric percentage of 14. However, it is quite 
possible that the station could not obtain this higher ferric per- 
centage without a reduction in the furnace temperature, so that 
more would be lost than gained. 

With high iron the effect of the ferric percentage on the flow 
temperature is great enough so that differences in ease of tapping 
may be explained by it. Thus the slag received from D had a 
ferric percentage of 21, but the station sent analyses of slag 
samples taken at other times for which the ferric percentages 
ranged from 3.5 to 34; this would mean a difference of about 
250 deg in the flow temperature, which could make consider- 
able difference in the tapping. 

Metallic Iron in the Slags. Item Table 1, shows the per- 
centages of metallic iron in the slags; this ranged from 5.5 to 
0.1 and tended to be lower as the total iron decreased. Item 4, 
Table 2, shows the metallic iron expressed as a percentage of the 
total iron; this also tended to decrease as the total iron de- 
creased. The high value of M was probably connected with the 
trouble that was being experienced at the time the sample was 
taken. No evidence can be offered as to how closely the metal- 
lic iron is held in the slag and whether it can agglomerate or sink. 

It will be noticed that in no instance was any metallic iron 
found in the fly ash. 

Sulphur. Except for A, the sulphur in the slags was low, 
and in all but two slags it was below 0.12 per cent. Slag A con- 
tained sulphide iron, and the coal ash was very high in iron, 
which shows that before the sulphur was oxidized particles of 
iron sulphide were buried in what must have been a very fluid 


Asa Fuston Data > 

Items 30, 31, and 32, Table 1, give the A.S.T.M. standard 
cone-fusion values. The chief interest in them is how much in- 
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formation they can convey and how far they indicate the nature 
of the slag. 

There is need for further investigation on the relation between 
the cone values and the properties of slags measured by other 
methods; the data developed in this investigation will permit 
such studies. The discrepancies between the nature of the slag 
as obtained by the methods used in this investigation and the 
cone values require study; some partial studies were made and 
more are proposed. One factor is very prominent—namely, 
that the ash of a coal has not been melted previously, whereas 
the ground slag has. 

The peculiarities will not be discussed here, but one outstand- 
ing example is the coal ash of R. The values obtained by the 
standard procedure appeared so out of line that they were in- 
vestigated. It was found that if the ash was first melted in air, 
ground, and then tested, the values were more logical. The com- 
parison is: 

Fluid 


2850 
2936 


Initial Softening 
2795 
2654 


Natural coal ash 
After fusion 


Fig. 4 was plotted to show the relation between the fluid tem- 
peratures as given by item 32, Table 1, and the flow temperatures 
of the slags corrected on the assumption that they all had a ferric 
percentage of 10 instead of the actual ferric percentages given by 
item 29. The cone fluid temperatures of both the slag and the 
coal are plotted. 

The dotted line is the best mean of the points shown as crosses, 
which indicate the cone fluid temperatures of the slag; eight of 
the points lie reasonably close to the line, but others are not near. 
The dotted line is also a fair average for the circles, which indicate 
the coal ashes, but this is more a matter of chance, because the 
points that depart from it are not the same as for the slags. 

The plot shows that the cone fluid temperature may predict 
fairly the flow temperature of the slag, but that it may be much 
in error. If the dotted line is taken as the probable value of the 
flow temperature of the slag, then the flow temperature for a ferric 
percentage of 10 will be: 


Flow temperature = 1.2 (cone fluid temperature — 470) 


As stated, this formula should give the probable value, but 
the flow temperature computed may be much in error. 

It would be very convenient if the values given by the A.S.T.M. 
standard cone test could be used to predict the flow tempera- 
ture; it would be more convenient still if cone determinations 
of the ash of the coal could be made and be used to predict the 
probable flow temperature of the slag if the coal were burned in a 
slag-tap furnace. 

As stated previously, such a possibility is based on a more 
thorough knowledge of the meaning of the values given by the 
cone test and how they are to be interpreted. This test is stand- 
ardized and is not expensive; also such data are required for 
other applications. A chemical analysis of the ash, however, 
would probably be required in conjunction with the cone value; 
also correction would have to be made to the ferric percentage, 
either actual or assumed, of the slag in the bed. 

Actual Fusibilities of the Slags. Items 33, 34, and 35, Table 1, 
show the fusibilities determined for the slags as received, the 
determinations being made in an atmosphere of nitrogen to 
prevent the forms of iron changing during the test. 

The “sticky temperature” is that at which a particle of slag 
under slight contact pressure first adheres to an adjacent particle. 
It is of no interest in the present discussion. 

The actual flow temperatures ranged from 1975 F for A to 
+2730 F for R, for which the probable value is about 2780 F. 
Item 35 shows that A and B are in a low class by themselves and 
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Q and R in a high class, the others spreading over a range of 
2300 to 2550 F. 

The penetration temperature is that at which the slag has 
that state of fluidity that a platinum rod of 0.050 in. in diameter 
can be pushed through it with a force of about 6 oz; it corresponds 
to a condition that would be described as soft. Item 34 shows 
that the values for the penetration temperature did not vary as 
much as did the flow temperature. The interest in the penetra- 
tion temperature is whether the temperature “interval” be- 
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tween it and the flow temperature is an indication of the rate of 
change of the fluidity at the tapping temperature; this rate of 
change both below and above the flow temperature is highly 
important to the operator. If in all slags the fluidity increased 
regularly between the penetration and flow temperatures, then 
one in which the interval was large would give more leeway in 
tapping than if it were small. 

In general, the fluidity of slags with large intervals did not 
change uniformly and the rate of change was not proportional to 
the interval. The following peculiarities of a few of the slags 
are given: 

Slag A had an interval of only 30 deg, and therefore became 
fluid very rapidly 

Slag E was nearly fluid 70 deg below the flow temperature, 
and then changed very slowly 

Slag F did not increase rapidly in fluidity until within 25 
deg of its flow temperature and was excessively fluid at 
15 deg above 

Slag K was nearly fluid 130 deg below its flow temperature, 
and then changed very slowly 

Slags N to R changed in fluidity very slowly; slag R would 

flow slowly at 2720 deg. 


Item 37 gives the station reports on the ease of tapping. 
These independent observations may not be based on the same 
conditions, as the reactions of the observers would depend on the 
facilities for the operation. Station R reported that the flow was 
very free for the first 10 min, and then became sluggish. 

Item 37 gives some reports on the temperature of the slag 
when tapping. All those reported by the stations were made by 
an optical instrument. The measurement is difficult to make, 


and optical in:truments are not always reliable. | 
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The Bureau investigators made the measurements at G and R. 
Particular pains were taken at R, and shields and supports were 
installed. The optical pyrometer was calibrated especially for 
the test, and in addition a platinum-rhodium thermocouple was 
immersed in the slag. The values obtained were: 


Start of tap, optical, F 

At 16 min, 7 tical, F 

At 10 min, t ermocouple on surface, F 
At 10 min, thermocouple 1!/: in. below, F 
At 1 hr, optical, F 


A similar attempt was made at station G, but excessive steam 
from the water spray prevented good readings from being ob- 
tained. 


ae sia RETURNING FLY ASH TO THE SLAG BED 


Disposal of the fly ash is one of the problems of power plants. 
When slag-tap furnaces are used, the idea of returning the ash 
to the furnace and absorbing it in the slag appears attractive. 
How many stations have attempted this practice is not known, 
but it has been followed at the Hell Gate Station, New York, 
with at least enough success to continue it. A recent letter from 
Mr. J. J. Grob, engineer of tests, says: ‘‘We have continued to 
return our fly ash to the furnace and have always utilized the 
dry fly ash from the hoppers to facilitate its injection into the 
furnace by feeders. It appears that most of the fly ash finds its 
way to the floor, but a large percentage of this settled fly ash 
does not melt, some of it becoming mechanically entrained in 
the slag which deposits in the combustion process or else lying 
on top of the slag mass in the form of a dust which is moved 
around by the draft currents. In some of our experiments we 
injected fluorspar, which helped the slag removal, and we also 
tried soda ash, which appeared to be even better than the fluor- 
spar. We do not, however, use any fluxes as a regular proposi- 
tion, since later developments improved the conditions of slag 
removal.” 

At the request of the committee the Bureau undertook a study 
of this phase. The analysis of the problem was that it can be 
divided as follows: 

1 Handling the fly ash until it is delivered to the furnace. 

2 Injecting it into the furnace. 

3 Depositing it on the bed and preventing it from being 
carried out of the furnace. 

4 Absorbing it in the slag. 

5 Effect on the fluidity of the slag and its tapping. 

Item 1 is a plant problem and will not be discussed. 

The methods of injecting the fly ash and the success in deposit- 
ing and retaining it on the bed depend on certain requirements 
which will be discussed. If the compositions and relative 
quantities of fly ash and slag are known, the resulting fluidity 
can be predicted from data already obtained. Evidently, the 
absorption of the fly ash by the slag must first be studied. 

The problem of absorption in the slag appeared to fall into 
two fields—one in which the composition of the fly ash was such 
that it would melt and have the fluidity for tapping at the tem- 
perature of the slag bed and one in which it would not melt. 
It was also evident that the size of the lumps of fly ash might 
bear on the problem in so far as such lumps might project above 
the bed and be subjected to the hot gases or might be immersed 
below the surface and thus be at a lower temperature; also the 


size of the lump materially affects the area of fly ash in contact 
the slag. 


An attempt was made to gain some information in a small gas 
furnace with a pot 10 in. in diameter, but the high velocity of the 
gas swirled the compressed lumps of ash about, and the ash was 


carried away instead of melted. the 
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studies were made in the large experimental furnace shown in 
Fig. 17 of the second report; the slag bed was 28 in. by 32 in. 
The technique of its use is described in the same report. 

The test was run continuously day and night for 10 days. The 
first step was to form a bed of molten slag, for which that from 
Toronto (column G, Table 1) was used. The temperature of the 
slag surface was maintained at 2600 to 2650 F. The atmosphere 
was reducing, as shown by the percentage of Fe,O; in the slag at 
progressive times: 

Hours from start 0 22 168 : 
Per cent Fe:03 4.6 


The average velocity of the gases as measured was 9 ft per sec 


1/,in. above the slag surface. _ 


No. 
Hell Gate 
241 


TABLE 3 PROPERTIES OF FLY ASHES — IN TESTS 


No. 2 
Trenton Channel Holl Gate 
526 


245 


Combustible, per cent 8 17. 
Ash analysis, per cent: ; 
50.: 


28. 


A.S.T.M. cone, F: 
Initial. 


S - 


2700 


Fly ashes that were available were used; Table 3 gives their 
properties. No.1 is quite refractory. Nos. 2 and 3 are closely 
similar, except for their combustible content; both also con- 
tained sodium and potassium salts, presumedly from being wetted 
with sea water. These ashes had relatively high flow tempera- 
tures compared with the slag and were used to accentuate the 
factors involved. 

The next step was to place lumps of the fly ash or other mix- 
tures on top of the slag, watch what happened to them on a time 
basis, remove the lumps at various stages and examine them when 
cold, and perhaps analyze portions. The objectives of the ex- 
periment were developed for the main part as the tests proceeded. 
The results of the tests are summarized because the effects of 
the factors are interlocked; few experimental data are given. 


SuMMARY OF RESULTS 


Hell Gate reported that it was injecting the ash in a dry state; 
such a procedure did not seem logical, and it would be expected 
that a large part would be carried out of the furnace. This 
proved to be so, even with the relatively low velocities of the 
test furnace and in which the ash did not drop any distance. The 
logical method seemed to be to wet the ash, and a number of 
tests were made to determine the effect of wetting. However, 
wetting cannot be considered independent of the size of the 
lumps. 

A dry ball or block was one that had been molded while wet 
and dried; it was fairly solid and would break into small pieces 
rather than dust. The relations between wetness and designa- 
tion were, approximately, as follows: 


Water, per cent of ash 10 20 30 45 55 
Designation Damp Wet Very wet Plastic Sludge 
Under the condition of test in which the lumps were placed on 
the bed instead of being dropped from a height, wetting or even 
molding and drying eliminated dust. A dry ball retained its 
shape after it was placedinthefurnace. After the lump had been 


paashe on the bed, it did not flatten seahenigny | with moisture up 


: 

From 
Sample 

Total Feas Fe:03.......... 9.1 13.9 

MgO 0.9 3 20 

+ 

5 
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to 30 per cent; with larger amounts the balls tended to flatten 
out, and with 45 per cent and higher the round shape could not 
be maintained. A dry ball remained quiescent, and its exposed 
surface fused quickly; the height of its projection from the bed 
remained the same for a long time. With the ash wetted, 
“spluttering” occurred; that is, the exposed surface erupted and 
threw out showers of small pieces which increased in size with a 
wetness up to about 30 per cent. The result was that the ex- 
posed part of the ball decreased in height in a few minutes, and 
the small pieces were distributed over an area of about 6 in. 
radius; the surface of the ball did not fuse until the eruption 
ceased. For balls over 1 in., the percentage of the ball that was 
_ erupted appeared to decrease with increase in the size of the ball; 
with larger balls the action was slower; and with very large pieces 
the percentage of spluttering was small. 

The maximum spluttering occurred with about 30 per cent 
moisture, although the difference between 10 and 30 was not 
great. As the material became so wet that the ball spread over a 
larger area and the layer became thinner, the spluttering de- 
_ ereased and pieces fell back on the lump. A */s-in. layer of 
sludge spread over 2 sq ft of the surface did not splutter, but 
heaved because of steam generated below it, and was split up 
into small floating pieces. 

Examination of the residue of the balls removed after one or 
more hours showed another action attributable to the moisture, 
because there were fissures in the unmelted portions into which 
black slag had flowed. The number and size of these were 
greater with increase in moisture; this admittance of the slag 
will aid absorption. 

Effect of Combustible in the Fly Ash. Before making the tests it 
was recognized that the presence of combustible in the fly ash 
would have some effect. First, it could reduce the Fe,O; in the 
ash to FeO or Fe; second, it could act as a mechanical separator 
between the particles of ash and prevent them from fusing to- 
gether. Both these suppositions were found to be correct. 

That a certain amount of the carbon is consumed in reducing 
the Fe,0s to FeO or to Fe and that the excess carbon re- 
mains mixed with the ash are shown by the following: Balls 
of ash No. 1 were made up, each weighing 2 lb; the carbon 
was in the form of 60-mesh soft coke, and the carbon content 
of the balls was 5.8, 10.0, 23.5, and 46.0 per cent. These were 
dried, placed on the slag, watched, removed at the end of 2 hr, 
examined, and parts taken for analysis. 


TABLE 4 EFFECT OF CARBON IN FLY ASH? 


Metallic Weight 
-——— Analysis, per cent F of 
Portion Combustible piece 
Carbon of ° removed, 
per cent ball Fe Ib 
> 


= 


ignition 
Center 
5.8... Surface 
10.0.... Center 
23.5.... Center 


Center 


Nb 


3 
0 
3 
1 
0 
P 


9 
3 
5 
3 
7 
* Ash analyzed: Fe20s, 6.6 per cent; FeO, 1.7 per 


; er cent; Fe, 0.1 per cent; 
metallic Fe, 1.6 per cent of total Fe. 


There was a distinct difference in the material at the centers 
of the lumps removed. With low carbon, the ash was well 
sintered together; as the carbon increased, it was looser and 
more friable. Table 4 gives the summary of the measurements. 
With all percentages of carbon the Fe,O; in the original ash had 
all been reduced to FeO and Fe. Theoretically, each per cent of 
FeO; requires 0.075 per cent of carbon to reduce it to FeO and 
0.225 to reduce it to Fe. The carbon which the table shows to 
have disappeared at the center is well within the order of ac- 
curacy. 

The surfaces for the 5.8 and 46.0 per cent samples were the tops 
of the balls; these surfaces were exposed to the furnace gases and 
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were not in contact with the slag. The table shows that most 
of the carbon at these surfaces had disappeared and that the per- 
centages of metallic iron were much lower than those at the 
centers; these actions can be attributed to oxidizing by the 
furnace gases. 

The deductions from these data are: 

1 Carbon in the center of a lump of fly ash reduces a large 
portion of the iron to the metallic state, and only a small quantity 
of carbon is consumed in this action. 

2 The remainder of the carbon is available for reducing the 
iron in the slag bed, as evidenced by the vigorous boiling around 
the sides of even a dry ball after it is inserted in the slag. 

3 It is probable that most of the excess carbon released by 
the melting of a ball will rise to the surface and be oxidized. 

4 Whether the addition of a large proportion of fly ash to the 
bed will cause trouble due to metallic iron is not known, but at 
least it will tend to lower the fluidity of the bed. 

5 The carbon is partly burned out at the surface of the ash 
exposed to the furnace gases. 

The presence of combustible is therefore another reason for 
spreading the added ash over the bed in a thin layer. This was 
further proved by tests on ashes Nos. 2 and 3, both having high 
combustible and containing sodium; the burning of the carbon 
could be seen. With 50 per cent water a thin sheet burned over 
the whole surface, and all visible signs of the ash were gone in 
50 min. Even with a large lump having the same moisture, 
the ash tended to spread over the surface. Although the ash 
disappeared in both instances, yet that portion of the bed re- 
quired much longer time to reach normal fluidity by feel. 

All the many trials with balls containing combustible showed 
that it acted as an infusible diluent and thus prevented the ash 
fusing together and that this effect increased with increase of the 
carbon. However, all these three ashes were not free flowing at 
the temperature of the furnace; the Appendix gives tests which 
show the retarding effect of carbon on fly ashes, the flow tem- 
peratures of which are near the temperature of the slag bed. 

Effect of Fluxes on Fly Ash. As ash No. 1 was quite refractory, 
it was logical to try the effect of adding fluxes to the ash. A flux 
in sufficient quantity was known to be effective because exactly 
the same thing was done in the tests in this same furnace, as 
given in the second report. 

Hydrated lime and crushed limestone were added to give 10 
per cent CaO in the mixture; the moisture was varied according 
to the type of lump inserted. Both appeared to increase the 
spluttering, and both reduced the time for absorption. This 
reduction amounted to 1 hr when judged by appearance and 3'/; 
hr when judged by the bed attaining uniformity by feel. The 
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the lump was larger, because that portion of it which was deeper 
in the slag would be at a lower temperature. Fluorspar also 
acted as expected and in a shorter time than did the lime. 

The most important effect was that finally the portion of the 
bed to which the ash had been added acquired the same fluidity 
as the rest of the bed, whereas without the flux it was stiffened. 

Effect of Common Salt. As stated, ashes Nos. 2 and 3 con- 
tained sodium and potassium chlorides, presumedly because 
they had been soaked with sea water. It was thought that these 
salts might help in the melting, although it had been shown 
that at furnace temperatures chlorides volatilize before they can 
be absorbed by the slag. Tests were made with these ashes 
and also No. 1, to which NaCl had been added. This appeared 
to make the boiling more vigorous and because of the luminous 
flames gave the impression that it helped the carbon to burn. 

There was nothing definite enough to show that the presence 
of the chlorides was an assured benefit. 

General Conclusions on Absorption of Fly Ash. The samples 


: | = required for the bed to reach a uniform feel was greater as 
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received from the stations showed that the fly ashes contained 


less flux and consequently were more refractory than the slag. 
As a consequence, any station that returned the fly ash to the 


have to increase the minimum rating at which it could tap with 


a urnace would be raising the average flow temperature and would 


the same facility. 


The studies reported deal with local actions on rate of absorp- 
tion and the stiffening of the surrounding slag. This is all- 
important in a furnace, because floating lumps interfere with the 
flow of slag through the relatively small tap hole. Furthermore, 
when lumps are distributed over the whole bed, they may form large 
islands of solid slag, either stationary or floating; as long as they 
are stationary they will not interfere with tapping; on the other 
hand, if such large masses are melted during a period of opera- 
tion at high rating, they will give a slag which will cause trouble in 
tapping if the temperature should fall. 

At each station the best distribution of the fly ash would be a 
problem related to the relative properties of the slag and ash and 
to the quantity of ash it was desired to return. Whether dis- 
tribution is considered from a local or general standpoint, it 


- would seem that the ash should be distributed uniformly both on 
an area and a time basis and that an added layer should be thin. 
_ It would also seem necessary to wet the ash to prevent it from 
- being carried out as dust. 
_ small balls or pellets or whether the ash be made semi-fluid so 
that it can be distributed as a stream is a question of cost and 
convenience. 
_ preferable, although small balls should be satisfactory if the ash 
is not refractory relative to the furnace temperature. 


Whether wetting be slight to form 
The tests showed that the semi-fluid state was 


Assuming an extreme case of a coal with 10 per cent ash, with 
40 per cent of the total ash of the coal returned to the furnace 


as fly ash, and with 50 per cent moisture, the water used per 
pound of coal would be 0.02 lb; with 400 F stack temperature 
of the gases, the loss per pound of coal would be about 22 Btu; 
this would be offset if the fly ash contained about 6 per cent com- 


_bustible which burned. 
The data from the stations showed that the greater part of 
the iron in the fly ashes was Fe,0;; that is, the ferric percentage 


- washigh. Fig. 2 shows that the effect of a high ferric percentage 
will depend on the total iron in the ash, but it will always be 
- necessary for the iron in the fly ash to be reduced if it is not to 
raise the flow temperature of the slag bed. It is therefore very 
fortunate if the combustible insures this reduction, but only a 
- small quantity of carbon is required. The samples from the 
_ stations show that if the fly ash comes from a collecting system, 
- the combustible will usually be low; ash No. 1, Table 3, is an 


- example of such an ash and had 6.8 per cent. The few samples 


of ash from hoppers that have been received were high in com- 


: & bustible, and presumedly this will usually be so. 


= 


Actual tests in which large quantities of fly ash are added 


a would be required to determine whether the excess carbon would 
- result in high metallic iron and whether it would accumulate at 


the bottom. 


It would, however, seem desirable to give the carbon an op- 
7 _ inne to oxidize on the surface by depositing the fly ash in a 


thin layer and not to sink it in the bed by adding the fly ash as 
large lumps. 
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Appendix 


SampLes From Huntiey No. 2, Station J 


Station J collected samples during a series of tests for other 
purposes in which the coal fired varied from 9600 to 40,000 Ib 
per hr. The slag sample was collected in a box submerged in 
the water below the outlet from the slag-discharge pump. The 
fly ash was from that deposited in the third pass. 

Five of the eight sets of samples were examined. The data 
for the highest rate are shown in Table 1; the full data for all 
five are not given because the analyses show inconsistencies which 
indicate that the samples are not true averages. The following 
values are of interest: 


Coal, lb per hr........ 12,100 15,000 16,500 20,500 40,000 
Slag, ferric percentage. . 16.9 18.3 10.5 10.6 26.2 
erric percentage 72.1 70.6 75.2 74.0 63.1 
Combustible, per 
24.9 15.1 36.3 17.8 12.0 


They indicate that the slag was more reduced at medium rates. 
That it was least reduced at the highest rate seems illogical, but 
reasons for it could be that the reducing area of the flame was 
further from the burner or that particles deposited were covered 
before they were fully reduced. The fly ash at the highest rate 
contained the least carbon and the ash was most reduced; the 
latter would seem logical, but both would depend on the effect 
of the gas velocity as fixing what is deposited in the pass. Closely 
controlled tests would be required before making safe generali- 
zations and the effect of rate may not be independent of the equip- 
ment. 


A further set of tests was made using fly ashes with lower 
flow temperatures than those on which the conclusions in the 
paper were based. The same slag was used for the bed—that 
from Toronto, Station G. That station also collected, by the 
dust-bag method, a supply of fly ash which by analysis contained 
6.2 per cent combustible and its ash 28.8 total equivalent FeO; 
and 3.9 (CaO + MgO). To form an ash free of carbon, the slag 
used in the bed was ground to 60 mesh. 

These two ashes were made into balls weighing about 2 lb dry 
and from 4 to 5 in. in diameter; definite proportions of carbon 
and water were used as in the previous tests. 

The actions when the balls were placed on the bed were much 
the same as with the higher fusion ashes with the exception that 
there were less eruptions and spluttering. The balls of ground 
slag did not have the binding quantity of the fly ash and tended 
to disintegrate; this and the larger size of the particles affected 
the results. 

Table 5 gives the principal data on the effect of carbon and 
corresponds to Table 4 for the higher-fusion ashes. All these 
trials were made with balls molded moist and partly air-dried 
when placed in the furnace. The effect of carbon in delaying 
absorbtion is illustrated by the slag taking 0.3 hr, the fly ash with 
6.2 per cent carbon 1.5 hr, and with 15 per cent carbon 4.2 hr. 

The analyses must be considered relative to the time elapsing 
before the lumps were removed. Evidently the center of the slag 
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balls did not have the time or temperature necessary fully to re- 
duce the iron. The centers of the balls of fly ash show high me- 
tallic iron which is largely oxidized when exposed at the surface; 
with the 50 per cent carbon and the 1.5 hr in the furnace, 51 per 
cent of the total iron was metallic, and 11 per cent of the metallic 
iron was in the form of pellets over 60 mesh. The shapes of these 
pellets showed that they were trickling through the particles of 
unfused ash; it is improbable that they would ever have been 
exposed at the surface so that they could oxidize, but would have 
ultimately sunk in the bed. 


TABLE 5 EFFECT OF CARBON IN FLY ASH 


Time to Metallic 
absorb Fe as 
or per 
used— when cent 
arbon, re- -——Analyis, per cent——.__ of 


per moved, —Part analyzed— ——— Ash ———. _ total 
Kind cent hr —— Portion State Carbon Fe:0; FeO Fe Fe 


Slag 10 0.23 Center 


Sintered 7 0.6 29.8 0.8 3 
Slag 10 0.23 Surface Slag 0 4.8 22.9 1.8 8 
Slag 25 0.26 Center Dust 19.2 3.5 26.9 0.4 2 
Slag 25 0.26 Surface Slag 6.1 2.4 24.3 2.4 10 
Slag 50 0.27 Center Dust 39.5 2.3 26.7 0.7 3¢ 
Ash 6.2 0.5 Center Sintered 8.5 0.6 20.8 6.2 27 
Ash 6.2 0.5 Surface Slag 0.4 1.4 24.9 2.0 9 
Ash 50 1.5 Center Dust 39.9 &. 44 Wat 516 
Ash 50 1.5 Surface Slag 0.1 2.8 23.4 1.9 9 


* Some iron pellets over 60 mesh. 
65.5 per cent pellets over 60 mesh. 


Tests with varying proportions of water to cause the slag to 
spread when placed on the bed confirmed that to a large extent 
the effect of the carbon was counteracted; with 50 per cent car- 
bon a layer '/, in. thick was absorbed in one hour but another, 
probably 2'/, in. thick in places, was not completely absorbed in 
5 hr. 

These results confirm the conclusion in the paper and show 
that even with low-fusion ashes carbon delays absorbtion and 
forms metallic iron, some of which may ultimately reach the 
bottom of the bed. 


Discussion 


Ek. G. Battey.’? The authors have presented a very complete 
report on a research subject of great interest to the “Fuels Di- 
vision” of the Society. At the present time there are in opera- 
tion about 80 large boiler furnaces from which the slag is removed 
in the molten form in a satisfactory manner. 

A paper entitled ‘The Slag-Tap Furnace and Its Effect Upon 
the Selection of Coal for Burning in Pulverized Form,” by E. G. 
Bailey and R. M. Hardgrove and presented at the Third Inter- 
national Conference on Bituminous Coal showed that 75 per cent 
of all coal used by public utilities and 87.5 per cent of all coal 
available had a fusion temperature of less than 2500 F, and could 
be successfully handled in slag-tap furnaces. The combination 
of pulverized fuel with molten ash removal is adaptable to a 
wider range of fuels for high capacity and efficiency than any 
other method of combustion. The characteristics of fuels which 
limit their application to other forms of combustion, such as 
volatile, coking properties, low fusion temperature of ash, etc., 
can be ignored and the purchase of fuel is greatly simplified as it 
becomes a matter of buying coal on a Btu price basis for slag- 
tap furnaces. 

This method, however, has one limitation, viz., high fusion 
temperature of the coal ash at continued low rates of combustion. 
A better understanding of the properties of slags, which is pro- 
vided by these “‘Progress Reports” on the research conducted 
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by the Bureau of Mines for the A.S.M.E. Special Research Com- 
mittee, will be of great help to operators. As in the case of any 
new development the increase of knowledge through research and 
operating experience will extend and improve the usefulness of 
as important a process as the collection and removal of ash 
from coal-fired furnaces. 

The effect of oxidation of iron in the slag on its flow temperature 
is reported very completely in this paper. The minimum flow 
temperature as shown in Fig. 2 occurs with 30 per cent of the 
iron in the ferric state for the slags low in iron, decreasing to 10 
per cent or less for the slags higher in iron. The slags actually 
received had a maximum of 31 per cent of the iron in the ferric 
state with the average much lower than this. It would not seem 
therefore that changes in the path of the flame over the slag sur- 
face or in the amount of excess air used would be expected to 
lower the flow temperature appreciably, although detailed study 
of individual cases may be fruitful in the light of this information. 

In general, a minimum excess air and a flame closely in contact 
with the slag should give a minimum amount of ferric iron. Both 
of these furnace conditions tend to raise the temperature of the 
slag pool which makes the slag flow easier. Furnaces D, H, 
and K have vertical burners impinging directly on the slag and 
in spite of this fact two of these slags show a high relative amount 
of ferric iron. A possible explanation of this may be that the 
secondary turbulence produced by this impingement of the flame 
on the floor may burn the coke on the surface of the slag before it 
can reduce the ferric iron. The slags from these three furnaces 
are all reported as tapping freely. It is believed that these burn- 
ers directed vertically downward against the slag pool could be 
placed even closer than the present distance of about 16 ft, 
thereby securing even better results. This would extend the 
range of satisfactory operation and reduce the cost of the furnace 
through higher rates of heat liberation. 

The discussion of melting fly ash in the slag bed is of interest as 
it provides a simple means of disposing of this dust. 


A. L. Baker.* The work done by this Committee, so well pre- 
sented in the paper by Messrs. Nicholls and Reid makes a valuable 
contribution in this field. 

The extensive use of the locally famous “Kincaid” coal in the 
central stations of the Chicago District together with the rapid 
increase in number of slag-tap furnaces in use has been the cause 
of an unusual amount of interest in that rather neglected by- 
product of the steam central station, the slag ash. Research 
activities have been widespread in delving into the nature of the 
slag, both in molten and solid form, and its behavior under vari- 
ous conditions. This coal is unusual in that the percentage of 
ash is high, the sulphur content is high, and the slag is difficult 
to handle in the furnace or on boiler tubes due to a quality best 
described as ‘‘toughness.”’ 

Table 6 contains analyses of this coal from four mines in the 
Kincaid district. 

Table 7 contains analyses of Kincaid coal slag in three forms as 
obtained from a slag-tap furnace and supplements data given in 
Table 1 of the Report for furnace D. 

Table 8 contains analyses of Kincaid coal fly ash as obtained 
from gas samples and not shown in Table 1 of the Report. 

Experience with this coal and slag in this district confirms the 
Report in that generally the flow temperature decreases with in- 
crease in reduction of the iron in the slag. However, a compari- 
son of the total iron in the Michigan City and State Line analyses 
of slag from the slag tap furnaces indicates that for the same 
ferric percentage the flow temperature decreases with increase in 
total iron. Free flowing slag is an unusual thing at Michigan 
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TABLE6 FUEL ANALYSIS 
(Screenings from Kincaid, Humphrey, Calloway, and Taylorville Mines) 


—Mine source—— 
Name 
Hawthorne 
Hawthorne 
Hawthorne 
Taylorville 


Grade 
Scgs. 
Scgs. 
Scgs. 
Scgs. 


Location 
Kincaid, Ill. 
Humphrey, 
Calloway, Ill. 
Taylorville, Ill. 


TABLE 7 


No. of 
samples 


— 


Moisture 


Btu 
10,044 
10,036 
10,127 
10,207 
10,104 


~Analysis (as received) 
Ash Sulphur 


Averages 


SLAG ANALYSIS 


(Kincaid Coal) 


oo So 


esesss 


a 


Ferric per cent 


Michigan City 
5/8/31 
Indiana Coal—Ferric per cent = 15 


0.10 0.04 


Sample 


no. (A) Date 


10/14—-18/30 
10/19-20/30 
10/23-24/30 
2/20/31 
6/7/33 
9/3-7/33 
i“ Michigan City 
4/8/31 
(A)—certified. 


FeO 


23.70 
19.94 
20.53 
21.34 
21.05 
19.14 
19.43 


(B)—no data. 


cent whereas the slag at State Line with the iron content averag- 
ing 27 per cent usually flows freely and sometimes dangerously 
so. The ferric percentage is about 15 for both these analyses. 
Another way of stating this point would be, that the total per- 
centage of iron in coal ash is an important factor in determining 
the flow characteristics of the slag, other conditions being com- 
parable, the flow temperature decreasing with the increase in total 
iron content. 

From numerous experiments conducted over a period of years 
the flow temperatures of slag from slag-tap furnaces in this Dis- 
trict may be stated as follows: 


Kincaid coal; measurements by optical pyrometer at slag spout 

Extreme lowest flow temperature measured 

Average ‘‘low slag’’ temperature 

Average ‘‘high slag’’ temperature 

Maximum measured temperature 

At the lowest temperature the slag is of chewing gum consis- 
tency and very difficult to keep running. At the highest mea- 
sured temperature the slag is very thin and runs like water. Care 
must be taken to keep the flow to reasonably small proportions 
when the slag is at high temperature as the slag stream will 
penetrate extremely small crevices and is highly corrosive. A 
slag gate of heavy cast iron, not cooled, has been cut out com- 
pletely by a hot slag in a matter of a few minutes. Where 
the gate is water cooled the slag forms a protecting coating of 
frozen slag on the surface and erosion is prevented. 

Our experience confirms the point made in the Report that 
there is a “selective action” in the furnace resulting in the fly 
ash being less fusible than the slag from the same coal; the total 
iron in the fly ash being about 50 per cent of that in the slag. 


GS—Granulated slag CS—Sampled while running blocks 


: as 

AhOs T 3 8 
none 
none 


0.36 
none 
trace 
0.34 
none 
none 
none 


SiO: 


none 
none 
0.01 
none 
none 
none 


none 
none 
none 


24.02 6.30 1.44 0.56 0.14 0.07 O.11 


ACS—Samples from annealed blocks 


TABLE 8 ANALYSIS OF COTTRELL FLUE DUST 
(Cuicaco District ELecrric GENERATING CoRPORATION, RESEARCH DEPARTMENT) 


5 


as 
SO; 


o 


The statement of percentage of sulphur in the slag being below 
0.1 per cent is confirmed also. 

Although no quantitative experiments are available locally, 
it would seem that reduction of the iron in the slag increased with 
rate of burning. This may be explained by the fact that the in- 
crease in the ratio of FeO to total iron may be caused by the in- 
creased temperature or by a reduction in the excess air available. 
For a given excess air condition, the reduction of iron (expressed 
by the formula Fe,O; > 2FeO + '/,O2) is determined by the 
temperature because Fe,Q; is less stable at high temperatures and 
FeO more stable. 

Comparison of Tables 6 and 7 illustrates the point made that 
the reduction of iron in the fly ash is much less than in the slag. 
In the fly ash most of the iron is present as Fe,O; whereas in the 
slag most of the iron is present as FeO. 

A very interesting and important experience in the burning of 
storage coal from under water storage illustrates the effect of 
small quantities of silica sand on flow temperatures. 

Recently it was necessary to reclaim and burn practically 
an entire storage pile of which about half was under water. 
Some of this coal was burned in two slag-tap furnaces. As the 
percentage of under-water storage coal increased difficulties were 
experienced with the slag in tapping due to accumulation of sand 
in the molten bed. After struggling with the slag in an endeavor 
to maintain the boiler on the line it finally became necessary to 
shut the boiler down and mine out the slag bed by hand, an ex- 
tremely difficult operation. Cone tests were made for the fusion 
points of the coal slag and of the coal-and-sand-mixture slag in 
accordance with the standards of the American Ceramic Society. 
The “end point” of the coal slag was at 2489 F and of the coal- 
and-sand slag, 2430 F. In spite of this apparently lower fusion 
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4600 

1 

10 13.20 14.90 4.51 

4 8 10 13.18 14.89 4:03 
et : ple Iron, Total sp 
Date no. Fe FeO Fe20s3 Fe Mn | gr 

A 8/6-7/30 GS—1 2.90 31.70 0.98 28.22 0.08 36.00 3.32 
GS—2 3.93 25.65 11.03 31.58 0.10 34.60 3:32 
10/3/20 
bn 10/4-30/30 GS—3 ae 28.09 3.20 24.08 none 37.40 19.65 6.40 1.44 0.55 none 3.23 
10/23-27/30 GS—4 2.90 28.81 5.96 29.45 0.05 35.88 17.07 7.80 0.06 0.76 none 
ery 7/25/30 ACS—1 2.24 24.91 4.73 24.08 0.02 39.04 18.80 6.00 1.00 0.80 none 3.20 
ae 8/6/30 CS—2 2.24 24.49 5.50 25.13 0.09 36.00 19.04 9.00 9.80 0.80 - 
aie 8/7/30 CS—3 2.57 24.36 9.60 28.22 0.08 26.48 18.00 6.18 1.53 0.72 os 

10/3/30 CS—4 3.37. 10 0.07 38.60 18.77 6.40 0.28 0.55 
6.02 5.83 27.11 = 15 

ey | Loss 

C0 Ms 10, ME co, ignition 
Set eae - 17.30 14.66 6.80 (B) 0.76 0.80 0.70 (B) 1.00 
21.48 17.02 6.00 (B) 0.74 0.59 1.00 (B) 1.30 

3.72 17.80 15.34 46.; 6.40 (B) 0.85 0.98 1.20 (B) 
3.16 «615.68 13.44 6.85 0.92 0.71 (B) (B) 0.90 
2.88 16.96 14.10 44.8 6.10 1.07 0.76 (B) (B) (B) 1.80 
6.08 1.40 0.09 1.02 2.56 1.64 | 
180 12.15 12.28 5.80 1.43 0.28 7 0 2.50 1.59 

~ 3.84 1.44 1.20 8.96 2.60 7 

where the slag has a total iron content ut 23 | 
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point for the coal-and-sand mixture the viscosity of the sandy 
_ mixture was so great it was impossible to tap. 
A series of experiments have been made on returning fly ash to 
a slag-tap furnace, in the dry state as collected. No difficulty was 
experienced in introducing the ash into the furnace. Some re- 
circulation of the fly ash was observed but it appeared to be a 
small percentage of the whole. The bulk of the ash lay at the 
bottom of the inlet opening in the furnace wall in the form of a 
large cone. The total ash introduced at one time in the furnace 
represented a twenty-four hour accumulation in the dust collector 
hopper. This amount of ash appeared partly melted after six 
hours and at the end of twenty-four hours was practically com- 
pletely melted. The experiment was continued for a period of 
a week when trouble with the collector forced us to discontinue. 
From these tests it would appear desirable to spread the ash, as 
suggested in the report and to use a “‘pug mill” for introducing it 
into the furnace, the addition of water in the mill aiding in the 
- spreading by mechanical action and formation of steam bubbles. 
Observation of the tapping operation indicated that the average 
flow temperature of the entire slag bed had increased materially 
due to the fly ash, though cone tests on the fusion point of the 
ash as compared with the slag indicated that their “end points” 
were within 50 F of each other, the fly ash having the higher. 

There is little advantage to be gained by introducing the fly 
ash into the furnace and melting it to slag unless the slag is of 
value commercially. There is, of course, a loss of sensible heat 
in melting the ash, and disposal of the fly ash is not much more 
difficult when wetted and sluiced than disposal of the granulated 
slag itself. Under present operating conditions the combustible 
in the ash is under one per cent and will not offset the loss in- 
curred in melting. 

Disposal of the molten slag after leaving the furnace has been 
a problem attended with mechanical difficulties and considerable 
danger. Slag in itself is rather easily handled. It is granulated 
well with little trouble and is not at all sensitive to water quanti- 
ties or velocities or angle of impact, etc. It is only when the mol- 
ten iron itself taps with the slag but as a distinctly separate stream 
that the difficulties begin. Danger of explosion is great. If the 
stream of molten iron strikes even a small quantity of water in 
the spout there might be a dangerous explosion. This fact is 
recognized in the steel industry and great care is taken to keep 
the slag “monkey” and ladles dry before tapping in slag which 
may contain iron. The cause lies in the relative insulation value 
of the pure slag and the iron. The heat transfer rate of the mol- 
ten iron is probably about 250 or more times that of the slag and 
therein lies the explanation. 

The method adopted for disintegrating the molten slag when 
the slag-tap type furnaces first came into vogue was to use a 
break-up jet of water impinging directly on the slag stream at 
the furnace spout. There was usually an impact plate to assist 
in this process and a proper sluice-box system of alloy iron to 
carry the product away to the sluice trench. 

In an effort to reduce the cost and difficulties of this system and 
to produce a coarser slag for commercial purposes, in this district 
a “granulator” has been used which permits the molten slag to 
flow into a cylindrical chamber of water with comparatively little 
agitation. The bottom of the granulator is fitted with an orifice 
to limit the flow of water and permit the outflow for the granu- 
lated slag. These granulators are successful and simple but 
still offer some hazard in that control of the slag flow must be 
manual and explosions may occur in the spout or granulator 
chamber during periods of heavy flow, “hot” slag or flows of 
pure molten iron. 

A new method of tapping has been proposed to eliminate 
entirely the personal hazard and the attendant, and to make the 

entire method of tapping automatic. This is the “‘continuous- 
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tap” system, in which a suitable tap hole of fairly generous di- 
mension is located in the bottom of the furnace floor and in a 
location to give good flow from all parts of the floor. It should 
be located in a hot area in relation to the burner flow lines. Slag 
drops through this hole as formed, through a refractory-lined 
flue and into a large tank of still water. This tank serves as both 
storage and disintegrator tank. Make-up water is added as 
needed to maintain temperature, preferably by thermostat con- 
trol. The tank is emptied into the sluice system about once a 
day. The main difficulty with this method is to keep the floor 
hole open during periods of operation at low rating. This may 
be solved by drawing furnace gases through the hole or by sepa- 
rate heat source maintaining the slag hole at molten temperature. 
The method itself is attractive from many angles, but there will 
be some few details of operation to work out and contributions 
from all on this subject are welcome. 


J.D. Donovan.® We have installed in our Quindaro generat- 
ing station two slag-tap furnaces, No. 17 boiler having been placed 
in operation in April of 1931 and No. 18 boiler having been placed 
in operation in June of this year. These steam-generating units 
operate at 450 lb per sq in. and a total temperature of 700 F, and 
have a normal rating of 150,000 lb of steam per hour with a four- 
hour rating of 180,000 lb of steam per hour. Both of these units 
are Babcock & Wilcox Stirling type and are complete with econo- 
mizer, superheater, and air preheater. The furnaces of both of 
these units are water-cooled Bailey Block type with water- 
cooled bottom. 

The bottom of boiler No. 17 is composed of 2'/2-in. tubes and 
the floor is built up with two courses of fire brick underneath 
the tubes testing on a steel-plate bottom. The space between the 
tubes is packed with “KN” to within about four feet of the uptake 
wall, the balance of the distance being packed with magnesite 
and liquid ‘“‘U.” There is then another steel floor plate, on top 
of which is a course of pure magnesite. The furnace floor in 
No. 18 boiler is composed of 3'/, in. tubes which are swaged to 
2'/, in. at the rear end to permit passage through the rear water- 
wall tubes to the rear floor-tube header. The tubes in this floor 
are covered with Bailey Blocks the same as are applied to the 
side walls of the furnace and the underneath surface is insulated 
in the same manner as the side walls. Joints between the Bailey 
Blocks are filled with Krome Patch to give initial sealing only. 
Both furnaces are fired with Fuller-Lehigh pulverized-coal equip- 
ment, each boiler being equipped with four cross-tube burners. 

The fuel used in this station is Southern Kansas screenings 
having an average received heat value of 11,500 Btu with a 
normal ash content of 15 percent. This fuel contains an average 
of 3.75 per cent sulphur and produces an ash that fuses at a very 
low temperature. 

Inasmuch as our No. 17 boiler was the first unit of this type in 

¢his territory using this particular fuel we encountered several 
difficulties in commencing our operation of this unit, most of 
which can be attributed directly to the high sulphur content of 
the ash. Our first trouble was the cutting of the cast-iron slag- 
spout liners. These liners were entirely satisfactory until the 
boiler had been on the line for several days and a sufficient quan- 
tity of sulphide had accumulated to appear during the tapping 
process. When this condition was reached and the tapping opera- 
tion was going on, the sulphide would commence to flow im- 
mediately following the last output of slag and in just a very few 
minutes of time the stream would cut the spout liners in two. 
We first attempted to correct this condition by placing a water- 
cooling pipe on top of the cast-iron liner and covering it with a 
mixture of 50 per cent fire clay and 50 per cent powdered coal. 
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This method would protect the liner for 8 or 10 tappings before 
the mixture would have to be replaced. This method of protect- 
ing liners was finally abandoned when the Babcock & Wilcox 
Company supplied us with water-cooled liners which is simply 
a water-jacketed spout liner that has its temperature controlled 
by a stream of water from the sluicing system. 

This iron sulphide created another difficulty just inside of the 
slag-spout openings and between the outer wall and the first 
floor tubes. During tapping operations when the tap had pro- 
ceeded far enough to permit the sulphide to commence to flow, 
we found that a puddling condition was occurring just inside the 
door liner and that the sulphide would cascade over the last floor 
tube and puddle its way deep into the magnesite composing the 
floor thus floating it away. This condition was remedied by 
water cooling similar to the manner undertaken to correct the 
difficulty with spout liners, that is, a */,-in. pipe was run through 
the furnace jacket and into the furnace floor, water being fed in 
on one side of the spout, passing through a */,-in. pipe just inside 
of the door and being extracted on the other side of the spout, 
this pipe serving to cool the floor space between the last floor 
tube and the wall of the furnace. 

After these difficulties had been corrected we commenced to 
encounter other difficulties with the fineness of the ash produced 
in our hydrojet ash-sluicing system, it being about the consis- 
tency of granulated sugar and when mixed with sluicing water 
taken from the Missouri River (which, by the way, carries a 
rather large amount of material in suspension) compacted in the 
ash-storage tank to such an extent that we were unable to get it 
out without rodding and the use of considerable other labor in 
removing it and loading into cars. Experimentation indicated 
that this fineness was due to nozzle arrangement in the disinte- 
grating chambers immediately below the slag spout. This 
chamber was originally installed with a series of nozzles forming 
practically a sheet of water under high velocity, the slag stream 
running onto this sheet and being reduced in size about equivalent 
to granulated sugar. This fineness of ash was remedied by the 
installation of a small water chamber in the disintegrating box 
directly under the slag spout with a four-inch opening at the 
bottom, this chamber being kept full of water at all times from 
the sluicing system and the slag stream running directly into 
the solid body of water. This arrangement had the effect of 
increasing the size of ash to about the size of a grain of wheat 
which is sufficiently large to eliminate the packing trouble which 
was encountered in the ash-storage hopper. 

However, in making this change we encountered another dif- 
ficulty which proved quite serious and which resulted in one of 
the operators receiving some rather severe burns. This latter 
trouble came again as a result of the iron sulphide in the furnace. 
When the stream of sulphide spilled into the bow] in the disinte- 
grating chamber full of water it, of course, chilled immediately 
on the outside of the stream but the center remained hot and ® 
soft. Very shortly after the sulphide stream commenced to come 
we had explosions in the disintegrating box which threw water, 
slag, ash, and every other thing that it contained all over the 
boiler room and incidentally all over the operator. In correcting 
this condition we resorted to the installation of a water-cooled 
baffle so located that the slag stream, before it came in con- 
tact with the water, would meet it and fan the stream into a wide 
sheet before entering the water in the disintegrating bowl. This 
made it possible to chill the entire slag stream uniformly and has 
practically eliminated the explosions. We still have minor ex- 
plosions when the slag stream slows down due to obstruction but 
as long as it is maintained at sufficient flow to strike the baffle 
plate and fan into a sheet before meeting the water we have no 
difficulty. Our former experiences in this connection led us to 
provide our operators with asbestos coats and helmets and we in- 


sist that they be worn at all times during the tapping operations. 

The sulphur content of the ash in this furnace gave us further 
annoyance due to the fumes that were liberated from the ash- 
sluicing system in the vicinity of the ash-sluicing pumps. These 
fumes became so obnoxious when sulphide was flowing from the 
furnace that it was practically impossible to stay in the boiler 
room. Also the reaction on all exposed copper tubing and other 
equipment was very detrimental to the good appearance of the 
equipment. In remedying this situation we were forced to vent 
the ash-sluicing system with an external stack. 

All of the foregoing troubles while somewhat minor in nature as 
viewed from our present experiences, nevertheless seemed quite 
serious as they were encountered and overcome. Generally 
speaking, however, the operation of these water-cooled slag-tap 
furnaces has been entirely satisfactory in our station and the 
availability of these units has been extremely high, none of the 
troubles and experiences to which I have referred ever having 
necessitated an outage of the units. 


T. G. Estep” ann H. L. Bunker, Jr.'! For the past year the 
discussers have been making a study, both experimentally and 
analytically, of the relationship between coal-ash analyses and 
their softening temperatures. In all, over 300 analyses have been 
studied and many different systems of coordinates have been 
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tried in plotting the data in an attempt to establish a graphical 
relationship by which it would be possible to predict ash-softening 
temperatures from their analyses. 

One of the trial plots, Fig. 5, is submitted herewith because it 
is believed that it will be of interest to the general subject of 
“Slags and Their Properties.” In this plot the ratio SiOQ./ 
Al,O; is the abscissa and softening temperature is the ordinate. 
On this system of coordinates are plotted lines of a constant sum 
SiO, plus Al,O;. An exactly similar set of curves would obtain 
if lines of a constant sum Fe,O; plus CaO were used since SiO, 
+ Al,O; varies inversely as Fe,O; + CaO in most coal ashes. 

The plot shown, however, can be used in exactly the same man- 
ner as that shown in Fig. 3 of the authors’ paper and covers 4 
much wider range. The authors’ plot is for a SiO,/AI,O; ratio 
of from 1.7 to 2.0 whereas the discussers’ plot takes this ratio 
from 0.5 to 3.5. Of the 300 coals studied, only 25 per cent fall 
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within the limits of the authors’ plot and, as a matter of fact, 
only two-thirds of the slags given in the paper fall within this 
limit. If the data given in Table 1 of the authors’ paper are ap- 
plied to the discussers’ plot it is found that, within the A.S.T.M. 
limits, the softening temperature of 13 out of 15 coal ashes, 12 out 
of 17 slags and 8 out of 10 fly-ash analyses can be predicted. In 
a previous paper the authors gave a relationship between soften- 
ing temperature and flow temperature which may be used in 
transferring from one to the other. 

The authors’ data in Table 1 show a very interesting point. 
In all cases except two the SiO,/A1,O; ratio for the slag is greater 
than that of the coal ash, indicating a gain in SiO, or a loss of 
Al,O;. This may be explained by the fact that the eutectic of the 
system SiO,-Al,O; occurs at about 95 per cent SiO, and 5 per cent 
Al,O3. In a boiler furnace when the ash particle becomes liquid 
in suspension and falls to the slag bed it may carry nearly all of 
the SiO, with it and the Al,O;, being of a higher melting point, may 
drop on the slag bed and remain as a scum or leave in the fly 
ash. The scum in one case was sampled and analyzed and the 
result does not bear out the above reasoning, but unfortunately 
this one case is one of the two cases where the SiO,/AIO; ratio 
did not increase in the slag and is not conclusive. In 6 cases out 
of 11 given in Table 1 the Al,O; was higher in the fly ash than in 
the original coal ash. While this is a bare majority for the sug- 
gestion that some of the excess Al,O; leaves in the fly ash, one 
hesitates to draw this conclusion when the difficulties of securing a 
satisfactory sample of fly ash are taken into consideration. Do 
the authors have any explanation of the change in this ratio? 

There has always been some question as to whether or not 
chemical equilibrium between the ash components is reached in 
the standard A.S.T.M. method of determining ash fusion tem- 
peratures and, if equilibrium is not reached, what effect it has on 
the fusion temperature. The slag in the bottom of a slag-tap 
furnace has plenty of time to come to chemical equilibrium and, 
when the change in the composition of the slag from that of the 
original ash is taken into consideration, there seems to be little 
change in the softening temperatures between the slag and the 
ash. Perhaps it is unwise for us to draw conclusions from a study 
of only 15 fuels but the results would seem to indicate that no 
serious consideration need be given the question of chemical 
equilibrium in the usual method of softening-temperature deter- 
minations. 


A. W. Gaucer.'? The paper is very interesting and contains 
a wealth of valuable data. 

While it is recognized that some empirical measure of fluidity 
which could be rapidly applied was necessary it is almost certain 
that using the “flow temperature” as determined by the ‘“‘feel’’ 
is not the most satisfactory measure of relative viscosity which 
could be devised. In this connection it should be noted that the 
authors do not mention the factor of time and its influence on the 
flow temperature. 

Littleton and Lillie at the Corning Glass Works have shown 
that the viscosity of glasses varies with time. That is to say, a 
glass which has been fired at a particular temperature and then 
cooled, will not, when reheated to some temperature high enough 
to permit viscous flow, assume its true viscosity for the tempera- 
ture in question at once. On the contrary its viscosity varies 
exponentially with time and only after many hours does it be- 
come asymptotic to some fixed value. This phenomenon occurs 
whether the temperature of measurement is approached from a 
lower or a higher temperature, but it is of interest to note that 
the approach to equilibrium is much more rapid if the temperature 
of measurement is approached from above rather than from 
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below. This observation suggests that, in measuring slag or 
glass viscosities, it would be desirable to heat the slag to a higher 
temperature than that at which the measurement is to be made, 
and then to cool it to that temperature. 

Because the authors made their measurements with the 
temperature rising, their reported flow temperatures have the 
advantage of being maximal, for in view of the foregoing con- 
siderations it will be seen that had they maintained their slags 
at the observed flow temperature for several hours they would 
almost surely have noted a decrease in viscosity even by the 
“feel” method since these changes in viscosity with time are 
quite large. 

The treatment of Al,O; and SiO, as one component is prob- 
ably adequate for the small composition range of these two 
variables but in view of the results obtained by McCaffery and 
his co-workers in their investigation of the viscosity of blast- 
furnace slags, it does not seem that the treatment of CaO and 
MgO as one component is justified. McCaffery clearly showed 
that, if SiO. and Al,O; are kept constant and successive incre- 
ments of MgO are substituted for CaO, the viscosity of the slag 
first decreases, passes through a minimum, and then increases. 


The utilization of the “ferric percentage’’ as a measure of the. 


state of oxidation of the iron could, perhaps, be improved upon 
if all the iron in the sample were taken as 100 per cent and Fe,Os, 
FeO, and Fe then plotted on triaxial coordinates. This being 
done, iso-flow temperature lines could be drawn over the field of 
composition to show the influence of the change in relative 
amounts of these three variables upon the flow temperature 
of the slag in question. 

The statement that any station which returned fly ash to the 
furnace would be raising the softening temperature seems to be 
rather too inclusive. In this connection attention is called to a 
paper by Moody and Langan in the October, 1933, issue of 
Combustion in which these authors point out that the finest 
sizes of ash from Pennsylvania coals are very refractory whereas 
the finest sizes of ash from West Virginia coals have rather low 
softening temperature. This suggests that whether the return 
of fly ash to the furnace raised or lowered the flow temperature 
would depend rather largely upon the nature of the coal being 
burned. 


J. J. Gros.'® This paper by Messrs. Nicholls and Reid is of 
considerable importance dealing as it does with the properties 
of slags from slag-tap furnaces and yielding information of great 
value to those interested in using the furnace as a means for dis- 
posal of fly ash from dust catchers, economizer and air-heater 
hoppers, and other settling chambers. 

It has been difficult to get rid of dry fly ash. Because of its 
extreme fineness special precautions have to be taken in trans- 
porting it to avoid its loss in transit. While some commercial 
uses may be developed in the future, at present it cannot be 
given away as it is unsuitable even for ordinary fill purposes. 

This problem has vexed designers and operators of power 
plants and in some cases has influenced the selection of fuel- 
burning equipment. 

At Hell Gate, the retention of a substantial part of the ash in 
molten form in a slag-bottom furnace and the possibilities in the 
further disposal of captured fly ash by injection into this furnace 
for absorption in the slag bed is a factor of considerable interest 
to us. 

Our early experience with slag tapping indicated that the 
amount of ash retained in the furnace in molten form approxi- 
mated 40 to 50 per cent and the fluidity of the slag mass was 
sensitive to such factors as furnace temperature or CO:, fusion 
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temperature of the coal ash, fluxes such as fluorspar, soda ash, 
ete. Certain mechanical difficulties were encountered with 
tapping due to the chilling effect of air infiltration during the 
tapping periods. This difficulty was entirely overcome by sealing 
the tapping port with a boxed enclosure and during the tapping 
period placing this enclosure under a suction sufficient to absorb 
all leakage air and also to draw a little gas out of the furnace 
through the slag port. 

This procedure has rendered the use of fluxes unnecessary 
with coals under 2500 F fusion temperature and it is possible 
to tap freely at moderate boiler ratings and with normal COs. 

However the injection of captured fly ash into the furnace was 
only partially successful. Analysis showed that the unslagged 
fly ash was appreciably higher in fusion temperature than either 

the original coal ash or the slag itself. Injection of the dry 
fly ash into the furnace through a feeder caused the material 
to pile up near the cool walls and the process of absorption was 
slow. Attempts to distribute the material over the surface of 


_ the slag bed permitted a substantial percentage of the material 
to be picked up by the gases and recirculated through the boiler. 

7 afl Some of the dust deposited would become absorbed and some 

____ would move around on top of the slag mass. 


This process did not 
appear to affect the fluidity of the slag mass enough to retard 
tapping. 

_ The authors raise some new points in their paper which may 

result in elimination of recirculation of the fly ash and more 
complete absorption of it in the slag mass. I refer particularly 
to the suggestion that wet fly ash or lumps molded while the fly 

_ash is still wet would prevent the recirculation of fly ash by the 

gases while injecting the ash into the furnace. These points are 
all the more important because of the growing interest in wet- 

type fly-ash catchers making it convenient to dispose of the 
wet partially dewatered fly ash. In this connection I would 
like to ask the authors if any harmful effects are likely to be 
experienced with furnace-wall refractories from the gases liber- 

_ ated if salt water is used as a binder for the fly ash? 

_ We attempted recently to try out the effect of moistening fly 
_ ash with salt water before injection into the furnace and the 
_ lumps held together until reaching the slag bed where they 
_ gradually flattened out. The lumps were injected 24 hours 
_ before tapping. While there was some evidence during tapping 

of the existence within the pool of lumps less fluid than the main 
body of the slag no difficulty was experienced with tapping. 
I believe the indications are favorable enough to justify working 

- out the mechanical problem of injecting the fly ash to the furnace 

in lumps or moistened form. 

_ Samples Nos. 2 and 3 referred to in Table 3 of the authors’ 
_ paper were caught in wet cinder catchers at Hell Gate utilizing 
salt water. Sample No. 2 comes within the range of normal 
- combustible content which reaches 20 per cent at high ratings 
_ and falls below 8 per cent at moderate ratings. 

_ The high carbon of No. 3 sample reflects the influence of coarse 
4 pulverization caused by an impaired mill classifier. 

_ Regarding the comparison of slag-tap furnaces and dry-bottom 
_ pulverized-fuel furnaces, we are using both types at Hell Gate 

and my belief is that the slag-tap type of furnace possesses many 
advantages over the dry-bottom type. It eliminates the troubles 
experienced in removing the ash from the bottom manually 
causing a boiler outage and frequently the ash may be glazed 
over requiring air hammers to chisel it out. It lessens the burden 
on a cinder catcher since the slag bottom generally retains about 
40 to 50 per cent of the ash while on a dry bottom usually not 


more than 10 per cent of the ash is deposited. The choice of 


— fuels which can be used successfully is widened. The furnace 


may be operated at more efficient temperatures since the furnace 
; CO, does not need to be kept low in order to avoid slagging the 
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pit. Opportunity is afforded for disposal of captured fly ash 
by injection into the furnace since the coarser, broken up slag is 
more readily disposed of than light dry fly ash, much of it ap- 
proaching a fineness of five or ten microns. The presence of a — 
high-temperature pool of slag at the bottom of a furnace ex- 
ercises a stabilizing combustion influence. : 
The conclusions drawn by the authors as to the effects of — 
carbon, moisture, floating islands, etc., on the process of slagging- 
are all of great interest and Mr. Nicholls and Mr. Reid certainly 
deserve a great deal of credit for their logical, careful, and valu- 
able presentation. 


O. Howarp.'* The information brought out in the paper 
regarding the relationship between composition and liquid — 
temperatures is very interesting and should be valuable to the 
operator who has a choice of coals, otherwise equally desirable 
but differing in ash composition, and also valuable to the de- 
signer confronted with the problem of whether or not to use a 
slag-tap furnace. 

As to the operator’s problems, it is our belief that most of the 
difficulties are encountered, not with the slag itself but rather 
with the effects of the slag on the floor and walls. Iron —_ 
be reduced to the metallic state and penetrate the floor thereby 
starting slag leaks. Iron sulfide has the same tendency also. 
Alternate contraction and expansion of the slag bed caused by 
taking the boiler out of service may push the furnace walls out of 
position. We have experienced all these difficulties. 

The degree of reduction of iron from the ferric to the ferrous 
state, as well as the total amount of iron present, are shown to 
influence greatly the fusing temperature of the slag but it is not 
apparent just how the operator can exercise much control over 
either, after the fue! has been chosen. 


P. L. Luar.’ The authors have compiled and developed 
data which warrant the attention of all interested in this subject. 

As no fluxes are used and the fly ash is not recovered at Glen 
Lyn, no discussion of the paper will be made by the writer, but 
as the condition at Glen Lyn is rather unique in that probably 
the highest fusion temperature is contained in the ash from the 
coal consumed, a general outline in the form of actual operating 
conditions and experiences of a “wet’’-bottom pulverized-fuel 
boiler is herewith substituted. 

Analyses of the coals used at the Glen Lyn steam plant of the 
Appalachian Electric Power Co. vary greatly, and coal from 30 
different mines, principally from the Pocahontas field, has been | 
consistently burned without any specific selection or regard for 
mixtures as supplied to the bunker serving this unit. The — 
fusion temperature of the ash ranges between 2100 and 3050 F. 
Temperatures measured with an optical pyrometer show a range — 
of from 2800 to 3050 F at the slag-bed surface, depending on load 
conditions. Approximately 17 per cent of the total ash in the coal 
is recoverable in the form of slag, and tapping is performed once 
daily, or every other day when load conditions and coals judged 
to be suitable are available, for from 30 to 60 min, or a length of 
time sufficient to maintain a satisfactory slag-bed level. This 
is important, as the temperature gradient of the bed determines 
the minimum depth to which the slag should be drawn in order © 
to protect the bottom. 

Naturally, due to furnace-temperature limits, high-fusion ash 
forms a viscous slag. The temperature gradient in the slag bed 
retards the slag flow, the slag being drawn off the surface; and 
when it is realized that the furnace bottom is rectangular and the 
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“wet”’ slag is in the form of a circular or elliptical pool within this 
rectangle, and that there is therefore but a few inches of head of 
“wet” slag above the stiff slag level at the tap door, the slag must 
be fluid in order to flow at all. When the furnace is first tapped, 
by cutting through the rim of the pool basin, the flow is rapid, 
and drops to the ejector in a column about 3 in. in diameter for 
from 10 to 20 min, after which the flow gradually retards and the 
column of slag narrows to 1 to 1!/, in. in diameter. One reason 
for this lessening of flow is the reduction in head of the fluid slag, 
and another is the gradual stiffening of the bed due to the tem- 
perature gradient. Fly ash or dust accumulates on the surface 
at times, but is readily floated off with the “wet” slag. It is 
noticed that when dust flows the slag spout is more readily kept 
clean during tapping. 

The solution of the problem of continuous operation of this 
unit for protracted periods was the prevention of the formation of 
friable slag from building up under the burner ports and choking 
the burners, with ultimate coal ignition in the burner boxes. 
This was solved by cutting in poke-holes under the bottom rows 
of burners, and directly above the normal slag level between 
each water-wall tube across the front of the furnace. 

It is of interest to know that this unit is in continuous opera- 
tion for six-month periods and is then removed from service for 
the purpose of inspection, washing, and repairs to the boiler. 
The slag bottom is never disturbed during these shut-down 
periods except for the removal of loose friable surface slag, mostly 
droppings from the boiler tubes and walls. 

While foreign to the subject, the importance of coal grind- 
ability cannot be too highly stressed, as tapping is comparatively 
simple when pulverization of coal is within the correct per- 
centages of fineness. a 


Avutuors’ CLOSURE 
A 


The discussions and citations of experiences submitted by the 
engineers and operators have greatly added to the value and use- 
fulness of the paper. It will be noted that in the main the dis- 
cussions are from stations using coals with ash fusions at the ex- 
tremes, and it can be assumed that the experiences of those burn- 
ing coal with ash of medium fusion are more normal and freer 
from troubles. These discussions do not call for much comment 
from the authors. 

Thanks are due to Mr. Baker for the data he has added. The 
discrepancy between the fusibility of the coal-ash slag and the 
coal ash and sand slag as indicated by the cone test and by ex- 
perience while tapping may be due to the sand’s not being fully 
melted in the furnace, whereas the fine grinding for the cone test 
may have overcome this. It is suggested that the nature of the 
coal may have been changed, and that the combustion was 
affected so that the temperature of the slag bed was lower. 
Table 1 shows that Michigan City (Station F) was using petro- 
leum coke at the time the samples were collected and that they 
report the tap as being slow and sticky, whereas our data show 
that the flow temperature was 2345 F and that the slag became 
very thin above that temperature. The temperature of the bed 
was not measured and the assumption was that it was low in 
spite of the high rate of burning reported. 

Mr Baker’s Table 8 gives analyses of fly ash caught by precipi- 
tators. Accounting for the missing Al,O; is of some interest— 
theoretically at least. Although Tables 7 and 8 may not be for 
corresponding samples, it will be seen that as they stand the 
SiO.:Al,0; ratio is no greater in the fly ash than in the slag. It 
might be worth while to attempt to catch and to analyze dust 
which passes the precipitator to determine whether its Al,O; 
content is higher than that of the ash caught. 
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Several of the discussors have referred to troubles because of 
iron sulphide and metallic iron in the bed. This is a phase that 
has not been included in our investigation; are the pyrites in the 
coal to be blamed for both, or is some of the metallic iron reduced 
from the non-pyritic iron in the coal ash? 

Replying to Mr. Grob, it is probable that the greater part of 
the alkalies present in sea water used will be volatilized, although 
several types of tests made on fuels containing salt have shown 
that some is retained in the slag. If these alkalies are deposited 
on the refractories, they would cause slagging, but the high tem- 
perature of the surface of the wall would not encourage the 
deposition of the alkalies. In other investigations by the Bu- 
reau, it was shown that clinker from boiler tubes has high alkalies 
near the tube—on which they could condense—but normal alka- 
lies at the outer surface of the clinker. One would expect that 
the first evidence of appreciable amounts of salts would be that 
they would tend to cause the slag on the tubes to fall off, al- 
though this might not occur if the salts were present in the gases 
continuously. 

Referring to the comments on the first part of the paper, it 
should be recognized that this investigation has not attempted 
to attain that full knowledge of the properties of slags from coal 
ash which has been done by others for fields of more limited 
chemical composition associated with other industries. It was 
thought preferable to cover the whole field broadly rather than 
to concentrate on a small portion, or to aim at great exactitudes. 
In addition, exact data are not required in the burning of fuels 
because the conditions to which the ash is subjected cannot be 
closely defined, are variable, and the composition of the ash 
itself varies in the same coal. In spite of this, much has not 
been done which should be done in the future. 

The recent work'® by Professor Estep and Mr. Bunker in as- 
sembling existing data on cone softening temperatures and ana- 
lyzing the relationship between temperature and ash composi- 
tion was much needed. However, it cannot be assumed that 
these same relationships hold for the cone-fluid or the flow tem- 
peratures; the effect of small changes on composition is often 
greater at low fluidity than it is at the high fluidity of the flow 
point. The second report gives some data on the effect in air 
equilibrium of the SiO,:Al,0; ratio for values above 1.7; a varia- 
tion of the ratio from 0.88 to 2 in a low-iron slag showed little 
change in the flow temperature but more work is needed. 

Less Al,O; in the slag than in the fly ash was noted in our work 
on clinkering. The assumption has been that the ash particles 
high in alumina are more refractory, lighter, and possibly smaller; 
however, usually alumina is missing even when the fly ash is 
included, so the explanation may not be complete. 

Professor Gauger will find answers to some of his remarks in 
the second report. The effect of time and rising and falling 
temperature were investigated; both affect the flow temperature 
and to different extents in different slags. The method adopted 
probably most nearly corresponds to the practise in slag-tap 
furnaces in which, for slags with flow temperatures near the fur- 
nace temperature, it is customary to increase the load previous to 
tapping. McCaffery and others worked on slags with low iron 
and very high lime and their results with MgO do not apply to 
coal ash. The data given in Table 1 support the statement that 
the flow temperature of the fly ash will be higher than that of 
the slag; one possible exception might be for a fuel very high in 
alkalies which were carried out with the fly ash. 


16 T. G. Estep, et al., ‘‘The Effect of Mixing Coals on the Ash- 
Fusion Temperature of the Mixture.’’ Coop. Bull. 62, Carnegie 
Institute of Technology and Mining and Metallurgical Advisory 
Boards, 1934. 
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of Active Coils in Helical Springs — 


By R. F. VOGT, MILWAUKEE, WIS. 


Due to the torsional displacement between cross-sec- 
tions of the helical spring bar or wire in the so-called dead 
or inactive coils on each end of the spring, the total de- 
flection of the spring is greater than that which corre- 
sponds to the deflection of the free coils. The exact 
amount of the spring deflection corresponding to the 
influence of the “‘inactive’’ coils can be calculated for 
known loading conditions of the spring and can be closely 
estimated for all springs subjected to conventional spring- 
practise loads. The deflections of the end coils are calcu- 
A test to 
determine the actual number of active coils is suggested 
and examples are given. 


lated in terms of the deflection of active coils. 


HE predetermination of the correct 
number of active coils in helical 
springs is, in many applications, 
very important. Centrifugal spring- 
loaded regulators, controlling the speed 
of prime movers, spring-loaded indica- 
tors, and many other apparatus require 
helical springs of which the correct num- 
ber of active coils is essential. 
If, in the use of the conventional helical- 


spring deflection equation 


64-n-r*?-P 


f= 


= deflection 

= mean radius of coil 

= diameter of wire 
load 
G modulus of elasticity in torsion 
n = number of active coils 


an error is made in determining the correct value of n, the factor 
G is usually adjusted to offset the original error. The factors 
_ f,r,d, and P are always fixed in value and can easily be mea- 
sured and checked. 

In such cases it is erroneously assumed that G@ is a variable 
amount for different helical springs, the variation ranging from 
below 10,000,000 to 12,000,000. 

The fact, however, is that the modulus of elasticity in torsion 
G is proportional to the modulus of elasticity in tension EZ and is 
characteristic for each material and constant within the elastic 
range: 

E 
2(1 + ») 

1 Assistant Chief Consulting Engineer, Allis-Chalmers Mfg. Co. 
Mem. A.S.M.E. Robert F. Vogt was born in Geneva, Switzerland, 
and had his primary and secondary schooling at Romanshorn, Can- 
ton School at St. Gall, and Swiss Polytechnicum at Zurich, Switzer- 
land. His professional career began in the United States in 1903. 
He has been connected with the Allis-Chalmers Mfg. Co. as mechani- 
cal engineer since 1907. 

Contributed by the Special Research Committee on Mechanical 
Springs and presented at the Mechanical Springs Session of the 
Annual Meeting, New York, N. Y., Dec. 5 to 9, 1932, of Toe AMERI- 
CAN Society or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
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where » is Poisson’s ratio. According to Hiitte, 26th edition, 


for spring steel 


E = 30,006,000 lb per sq in. 7 

0.275 

m 1/u = 3.63 

G = 0.392EF = 11,700,000 lb per sq in. 


Any discrepancy between these given values and experimental 
values is due to an error in counting the number of active coils 
in the helical spring under consideration. 

It is the purpose of this paper to show how the correct number 
of active coils can be determined both by analysis and experi- 
ment. 

The number of active coils as used in the deflection formula 
for helical springs does not always equal the total number of 
coils or the number of free coils. Particularly, in most commer- 
cial helical compression springs we find that the number of active 
coils must be more than the number of free coils, if we assume 
G = 11,700,000 ~ 12,000,000 as correct and applicable to helical 
springs. 

Tests of regulator tension springs, of which each end coil was 
held at two diametrically opposite points, checked closely with 
G = 2/5 - E when the number of active coils was counted from 
the middle of the two supporting points on one end of the spring 
to the corresponding point on the other end, i.e., when the num- 
ber of active coils was taken as the number of free coils plus 
coil. 

Rov UNDER Twist 

Let us consider, as shown in Fig. 1, a rod of the length LZ 
twisted by applying a force P per- 
pendicular to a rigid arm of length 
r, which is perpendicular to the rod. 

The deflection of the point of ap- 
plication of the force P in the di- — 
rection of P is expressed by the 


in which w is the angle of twist in radians. 


HELICAL SprRiNG Riaip Arms aT Corn Enps 


If the rod referred to for Equation [1] is coiled into the shape 
of a helical spring on which the rigid arms extend from the ends 
of the coil to the center line of the coil and are perpendicular to 
the coil center line, the force P acting on the arms at the center 
line of the coil in the direction thereof produces a deflection f 


rae 


of 


pitch angle 


number of coils 


Numbe 
| 
on 
7 
+> 
32-r2-L-P 
64-n-r3-P 
<=> 
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In this case all coils are active, i.e., subjected to the twist of 
the full torque moment P - r and no coils or part of coils are in- 
active. The number of coils n is also the number of active coils. 


CoMMERCIAL SPRINGS 


Commercial springs are not equipped with rigid arms at the 
ends. Many tension springs have loop ends, as shown in Fig. 2, 
which add a negligible amount of bending deflection to the tor- 
sional deflection given 

. in Equation [2]. In 
such springs all coils 
between the base of 
the loops are active 
coils. The detailed 
discussion of this type 
of spring will be 
omitted in this paper. 

In helical springs where the full length of the bar is within the 
cylindrical part of the spring, as is the case of commercial helical 
compression springs and also of many kinds of expansion springs, 
the active coils extend beyond the free coils. The free coils 
include the coils of the spring which are not connected with 
brackets or yokes through which the spring load is applied and 
do‘not make contact with the end coils. The active coils include 
all coils contributing to the deflection of the spring. The angle of 
_ twist of the bar changes from maximum in the free coil to zero 
in the end coils. The angle of twist within the end coils adds a 
certain amount to the total deflection of the spring, which can 
be determined in many cases with complete accuracy and in all 
other cases with sufficient accuracy to satisfy fully the practical 
applications. 


HELICAL SPRINGS W1TH DIFFERENT TYPES OF LOADING 


In order to illustrate the deflection of the end coils in helical 
springs, various ways of spring loading will be analyzed: 

1 The Two-Point Loading. 
To an open-wound helical spring 
the load is applied by means of 
yokes reaching on each end dia- 
metrically from one side of the 
coil to the other (see Fig. 3). 
The load P is applied at the 
middle of the yoke by means of 
a pivot, so that each end of the 
yoke transmits the same pull P/2 
on the spring. 

As is shown in developing 
Equation [2], the effect of the 
pitch angle @ is such that it may 
be correctly assumed that the end 
coil is in a plane perpendicular to 
the center line of the coil and that 
the forces are perpendicular to the 
plane of the coil. 

Referring to Fig. 3, the load 
P/2 at A has no part on the def- 
ormation of the end coil between 
the points A and B. The load 
P/2 at B produces a moment of 
P/2-2-r = P-r at point A 
which is balanced by the same moment P - r acting on the 
other side of the spring. All cross-sections of the spring bar 
between A and B’ are under the influence-of this moment P - r. 

If the end coil between A and B would be absolutely rigid, the 


Fia. 3 


-___ eross-section at A would remain in the same position relative to 
the end coil as it had before loading took place. 


But the end 


coil is as flexible as the free coils located between A and B’ and 
the bar between A and B will twist in accordance with the re- 
spective moment acting on the bar at its cross-sections. This 
moment is no longer constant and equals P - r for all cross-sections 
from A to B, but decreases gradually from the maximum of P/2- 
2-r=P-ratAtoP/2-0=Oat B. Between A and B the 


P-r 


acting moment is M = P/2: (r —rcos¢) = (1 — cos ¢) 


9 
for the cross-section designated by angle y. The total angle of 
twist of cross-section at A, due to the torsional resilience in 
the end coil from A to B and the moment P - r acting at A, is 
G 
rigidly connected with cross-section at A, moves in reference to its 


original position O’, when the spring is not loaded, an amount of 
3 
(see Appendix 1). 


, and the center O of the coil, which we imagine 


O’ may be regarded 


as the center of the end coil in its new position. O may be taken 
as the original location of the center. The distance between O 
and O’ then equals f’, which is also the deflection of the end coil 
which is subjected to the moment P - r. The same, of course, 
occurs at the end A’B’, so that the total deflection of the helical 
spring amounts to 


This corresponds to the deflection of 1/4 coil 


ad‘ -@ 


tf" =2 


64(n’ + P 8(n’ + 3) P 
d*:G 
= number of free coils (between A and A’) 


number of active coils 
= 2r = mean diameter of coil. 


In Fig. 3: 
= 31/2 


@ 
| 
> =-44 - 
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ANALYSIS AT THREE-PoINnT LOADING 


Proceeding in the same manner for three-point loading, shown 
in Fig. 4, where three equal forces P/3 are placed 120 deg apart 
on the end coil, it is found that the de- 
flection, due to twist in the end coils 
amounts to 


ven 
and the total spring deflection is 
64(n + P 


f=2f +f = 


In these analyses the effect of bending 
and shear have been omitted in favor of 
simplicity. The error made thereby is 
so small as to be of no practical consequence. 


CoNCLUSIONS OF ANALYSES FOR DESIGN 


Most commercial spring-loading conditions will conform to 
the two-point loading and the equivalent deflection of the two 
ends of a helical spring in terms of the deflection of a free coil 
will approximate 


= 
=> 
4 
i 
n 
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: 
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P 
% 
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+ 
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_ The general expression for the deflection o. helical springs 

which are not provided with rigid arms or loops at the ends and 

sy which the load is applied in the common manner then takes 
= a convenient form readily available to designers: 


_8-P- D*- (n’ + 0.5) (3] 


For compression springs the forces are applied in the opposite 
_ direction; the deflection is also in the reversed direction, but the 

— calculations and results are otherwise the same. The design and 
_ application of a commerical helical compression spring are such 
that the load condition ranges between the two cases given. 
_ The first condition is the more common. 

The foregoing calculations are based on full-bar cross-section in 
- the end coil. This assumption applies to most commercial 
compression springs, for that part of the coil which must be con- 
: sidered in the calculation. The basic design of the spring is 
shown in Fig. 5. 

The ends of such a spring are closed, */, of the end coil is 
tapered from full cross-section to !/, thickness at the end, the 
: 7 pitch changes at contact point B from ptod. Full cross-section 

of bar is maintained from B to A, suggesting a load division of 
P/2 at A and P/2 at B. The variation is usually not far from 
this load division and comes within the range of the three- 
- point loading of 3 x P/3, in which extreme case the difference 
_ would only correspond to '/; — '/4 = '/,2 coil for each end cor- 
rection. 

We must bear in mind that the resultant of these forces is in 
the center line of the coil. If it were to fall outside the center line, 
the spring would bend out sidewise, which, in most compression- 
spring applications, does not occur to any appreciable extent. 
Within the range of free coils, i.e., from B to B’ (see Fig. 5), the 
bar is subjected to a shear force equal to P/2 and a torque equal to 
_P-r, The effect of shear upon the deflection is small and can 
be neglected. In a well-applied compression spring the torque 
P - ris uniformly the saine all along the bar, P acting in line of 
the center line of the coil. 

Due to the fact that the length of contact between the end 
coils increases slightly during increase in deflection, thereby 
effecting a slight decrease in active coils, the assumption of the 
2 X P/2 load division is more justified, as the error in allowing 
for slightly less active coils than would correspond to an actual, 
F possibly different load distribution, is compensated by the ten- 
dency for a slight decrease in active coils during compression. 
It is therefore logical and practically correct to choose the 2 X 
P/2 load division. 
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EXPERIMENTAL VERIFICATION OF ANALYSES 


A large number of tests substantiate the mathematical analysis 
and the general application of the results. To illustrate, the 
- following test records are presented. Errors in the dimensions 
of bar diameter, coil diameter, and deflection, on account of their 
large amount, are relatively small. The examples, therefore, are 
_ of especially high value as proofs of the analyses. 

The following springs were made by the Railway Steel Spring 
Company for the Allis-Chalmers Manufacturing Company: 


Bar diameter (average), in. d ‘ : 
Coil diameter (average), i in.. D = 53 4.140 
n’ - 6.075 11'/2 
Active coils. . nen’+'/), = 6.575 12 
Total number ‘of coils from 
81/2 
4580 4600 
0.760 1.660 
11,800,000 


11,850,000 
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The springs were tested with a testing machine of 5000-lb 
capacity. The dimensions were carefully taken with microme- 
ters and averaged from many measurements taken of diameters 
perpendicular to each other along the full length of the springs. 
The free coils were carefully determined and fixed by inserting 
spacers at the contact points with respective end coils. 


The theoretical number of one coils n and the wen of 
elasticity in torsion G may easily be determined by testing for 
deflection two compression springs made of the same material 
of equal bar and coil diameter, but with a different number of 


free coils, as follows: 7 


Spring 1 Spring 2 

Coil diameter........ = D 

Number of free coils........... n’ n” 
Number of active coils......... m=n’'+z2 +2 
Modulus of elasticity in torsion. G 


Since both springs are alike except for number of free coils, the 
modulus of elasticity in torsion is the same for both springs as 
well as the effect of the end coils under the same load. 

We find 


8(n’ + x)- P 


_ 8(n" +2) - D*- P 
+2 n’-fe—n’ - hi 
= or z= 
fi ta h—he 
8 (n’ P 
a [5] 
fi: 


If there should be any variation between the two springs in 
d;, D,, or P, then f; or fz must be corrected to correspond to values 
for d, D, and P adopted for the foregoing calculation. It will 
be found that z approximates the value of !/, very closely and that 
G approximates 11,700,000 for any size and kind of steel spring 
bar. 


Appendix 1 


N order to find the total angle of twist of cross-section at A 
under the influence of P -r, the half-circle between A and Bis 
divided into differential lengths A(s) = r- Ag. The moment 


1 | 
ACE 
— 
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acting on any cross-section of the are AB is M = P/2:-a = PR: 
P/2-r-(1—cos ¢). (See Fig. 3.) The twist angle w between V = | 
two cross-sections separated by the distance A(s) amounts to » +s i 
32-M- A(s) PR? 1 1 
= Aw. The total twist angle—that is, twist angle + tA]: | ¢ cos (a — ¢) — sin ¢ cos a] ....[a] 
2 \EI 


of cross-section at A in reference to cross-section at B—equals 
the sum of the angles of twist for all sections A(s) located between 
point A and point B. It is 


in which C is the torsional rigidity and E/ the flexural rigidity. 
This equation is satisfactory for any value of ¢ between 0 and a. 


32 (1 — cos ¢) r: Ag If there are two forces P/2 acting at A and B, the deflection 
o = Aw = ~ at B is readily obtained from the direct application of Equation — 
J 0 0 x-d*-G 
substituting in it P/2 for P,a =¢ = and C = 


16-r?-P 16-7r?-P d- 
o = Ag(l — cos ¢) = Then the deflection of point B is: 


If we assume the center O of the are AB rigidly connected to he 
the cross-section at A, it will move with the cross-section A the a 
amount of r-w = hich distance corresponds to the 
deflection of the center O of arc AB from its original position : ; 
under the influence of load P/2 at point B. : f= 
For the three-point loading of the end coil, we find the de- a 
flection of the center of the arc of the end coil, proceeding the 
same as in the case of the two-point loading, as follows: > ; 
=, 
32+ é 
0 in which form the equation shows that the deflection of an end 
Qn coil is equal to the deflection of one-quarter of a free coil. 
CasE WHEN ¢ > a 
0 If ¢ is larger than a, the necessary 
> 


deflection can be obtained by using 
ee Saint-Venant’s equation in conjunction 
3 4a 4x 2x Qe with the reciprocity theorem.’ From 

( non ) ? ( ) 3 this theorem it follows that the load 

. ao P applied at C (Fig. 7) produces at B 
the same deflection as the deflection 
a-d*-G d*-G at C produced by the load at B. 


a = eit Ame Since Equation [a] gives the deflection at any point C in Fig. 6, — 
App elt. 9 ver a ee we can get at once the deflection at any point B for the loading | 
enalx 


shown in Fig. 7. 
aad 
Case WHEN ¢ <a THREE-Point LOADING 
N calculating deflections of a portion of a circular ring out o Take now, as an example, the case of three loads P/3 put at : 
its plane by forces perpendicular to the plane of the ring, the _ points A, B, and C, 120 deg apart (Fig. 8). Point A is considered : 


known solution of Saint-Venant can be used.* If an incomplete as fixed. The deflection of the point B consists of the two parts: 
circular ring is fixed at A and loaded by force P at B (Fig. 6), (1) Deflection produced by the load P/3 at B and (2) deflection 
produced at B by the load P/3 at C. The first part is obtained 
by substituting into Equation {a] P/3 for P and 22/3 for the 
angles a and ¢. 


2 


PR’ 5 
This gives: VaduetoB = 7-50 —— (assuming E = - G). 


The second part is obtained from equation by 
for a and 2x/3 for This gives: Vadue to = 6.70 
Hence the total deflection of the point B is: 7 - 
then according to Saint-Venant’s solution the deflection at any s PR* ae 
point C, defined by an angle ¢, is given by the following equation: Ve = 14.20 Gd* 


2 The Saint-Venant solution can be found in Love’s ‘Mathematical In calculating the deflection of the point C, we again have two | 


Theory of Elasticity,’’ pp. 456-457, or in “Strength of Materials,”’ parts: (1) Deflection at C produced by the load at C is obtained 
vol. 2, p. 469, by S. Timoshenko. This manner of solution was sug- mn 


gested. by R. L. Peek. _— # Method proposed by Prof. S. Timoshenko. 
= 


a3 
: 
ig 
ge 
Ps 
A 
4 
6 
: 


; _by substituting P/3 for P and a = ¢ = 
which ives V = 33.19 
which gives Vecdue to c = 33.1 Ga* 
_ due ed by the load at B. This is equal to deflection at B when the 
— Joad is at C and is obtained from Equation [a] by substituting in 


it P/3 for P and taking a = 47/3 and @ = 27/3, which gives: 


4r/3 into Equation [a], 


and (2) deflection at C pro- 


PR 
Gd* 


Vedue to B = Vaduetoc = 6.70 


Then the total deflection at C is: 


PR’ 
Ve = 39.80 


Having the deflections at B and C, the displacement of the 
center O is: 

Ve+t+ Ve Pree 

= = 180 
3 Gd‘ 


It will be seen that the method described can be used for any 
number of concentrated forces. It can be easily extended also 
to the case of distributed loads. 


> 
Appendix3 


HE Saint-Venant solution may be used directly to determine 
the total deflections of helical springs under various load condi- 
tions. The most simple case of its application for helical springs 
_ is a spring with the two-point loading as shown in Fig. 3, and 
Fig. 9. 

For this analysis the spring is assumed to consist of two equal 


B 


cous 


- —- coms 


Fia. 9 


parts, equally loaded, which meet at the center cross-section 
A of the spring bar. (See Fig. 9.) Point A is now considered 
the fixed point of two 
circular ares. The center 
angles of these ares are 
equal, a = (n’/2)2r +7 
(n’ + 1) =, 2n’ being 
the number of coils be- 
_ tween B and B’. 
If g is the pitch angle 
of the spring, the actual 
length of are AC is L = © 
+1) ) ar 


_ loads on the are perpendicular to the plane of the are would. be 


_ P/2 cos ¢. eo as shown by developing Equation [2], the prod- 
r (n' n’ + 1) 
uct —— —+—-¢cos ¢ eliminates cos ¢. 
cos ¢ 2 


Therefore, it may be assumed that cos ¢ = 1 without interfering 
with end results. This means that it may be assumed that are 
 ABCisr-x- (n’ + 1) in length, located in a plane perpendicular 
to the spring center line and loaded by the forces P/2 which are 
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parallel to this center line, i.e., perpendicular to the plane. The 
component P/2 - sin @ is negligible, as it does not contribute 
directly to the deflection considered and has very little influence 
on the diameter of the coil. 

The problem of finding the total spring deflection may, there- 
fore, be illustrated by Fig. 10. 


7 The deflection fx of point H representing the center of the 
bracket BC is the mean of the deflection at B and C. The de- 
flection fg of point B is composed of the deflection fs’ of point 
B due to the load P/2 at B and fg” due to the load P/2 at C, 
and the deflection fe of point C is composed of the deflection 
fc’ of point C due to the load P/2 at C and fc” due to the load 


P/2 at B. 
The total deflection 
tfe_ fe' + fe” +fe' +fe" 


fa" = fe,” according to the theorem of reciprocity, so that : 


The total deflection of the spring is f = 


f = + fe’ 
The deflections fs”, fa’, and fe’ can be determined by equa- 
tion 
V (@ — sin 6) — sin (1 — cos @) 


1 1 1 
+ 3 W - a3 (2 + ‘) E (a — 0) — sin @ cos «| 


in which 


fe” or fa’ or fe’ 


| 


E-d‘-r 
64 
32 
5 
E=°-G 
2 


64 _ 64+ (n’ + 3) P 
G-d G- ds 


To this result a correction must be added to compensate for 
the influence of the pitch angle and the deflection due to pure 


shear. 


Saint-Venant’s equation‘ for the deflection of a helical spring 


with rigid end levers is: were 
sin? 4 cos? a 
= 


4 Love, ‘‘Mathematical Theory of Elasticity,’’ p. 422; 
shenko, ‘Strength of Materials,” part 1, p. 289. 


+ fe’ 


ay 
f 
B 
% 
| 


= 
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= spring load 
deflection 
length of spring bar 
= radius of coil 
pitch angle 


_ If we transform this equation in terms used i in Equation [2], 
we find 


sin? 


G - 


In the deflection Equations [2], {3], [5], [a], [6], [7], and [8], 
it is assumed that the spring bar or rod is thin in comparison with 
the radius of the curvature, i.e., D/d = o. The error caused 
by this assumption, when the equations are applied to com- 
mercial helical springs where D/d = 3 or more is very small and 
for all practical purposes negligible. 

Equation [8] is given to show the influence of the pitch angle. 
Other influences which affect the aceuracy, and are not con- 
sidered in this equation are caused by preventing the free ends of 
the spring from turning freely about the axis of the spring during 
compression or expansion and the pure shear deflection. The 
complications affected by properly considering all these facts 
are too great, and the change in end results too minute to war- 
rant the application of these highly refined methods of calcula- 
tion in practical engineering work. 

As far as the deflection effect of the end coil is concerned, it 
is, for all practical purposes, sufficient to consider its torsional 
deflection only in the manner shown in Appendix 1. This is 
especially justified when we realize that the mathematically 
more complicated method employed in Saint-Venant’s solution 
is also not absolutely accurate because the effects of such items 
as pure shear deflection, coil pitch angle, spring index D/d, 
weight, and end conditions of the helical springs are neglected. 
Another factor, which demonstrates the fallacy of striving for 
accuracy to the extreme in calculating the deflection of the end 
coils, is the unavoidable variation in cross-section shape and 
size, coil diameter, and pitch angle in commercial springs. Equa- 
64-n-r?-P 64-"(n’ + 
———-andf = 

G-d* 
can be regarded as being accurate for all practical purposes. 


5 cosa 


tions f = , respectively, 


Discussion 


T. McLean Jasper.’ The paper by Mr. Vogt on helical 
springs is exceedingly interesting. I am wondering if the values 
of EZ, G, and l/m are as constant for spring steel in general as is 
assumed in the paper. My reasons for asking this go back to 
some tests made in 1924 which were published in the Transac- 
tions of the American Society for Testing Materials of that year 
and some work presented in the Philosophical Magazine for Oc- 
tober, 1923, which indicate that the state of the steel as well 
as the temperature at which the tests were made influences the 
values of the so-called elastic constants somewhat. 

The only way that this should be determined for spring applica- 
tion is to make several tests on identically shaped springs made 
of different steels. 

I am not familiar with the values of G to be assumed for steel 
when formed into helical springs and when using different steels, 


§ Director of oo A. O. Smith Corporation, Milwaukee, Wis. 
Mem. A.S.M.E. ates 


and therefore the values presented in this paper may be an appro- 
priate average for steel springs to be used at ordinary tempera- 
tures only. 


W.M. Auvstin.* The writer has had to apply helical compres- 
sion springs, both large and small, to quite a variety of machinery — 
and has often observed the influence of the end turns. Particu- 
larly, he has observed that the average spring designed to be made 
like the author’s Fig. 6, except having a length relative to diame- 
ter several times longer than Fig. 6, will usually buckle badly © 
when fully loaded. 

Small springs often have their ends malformed. The spring 
maker winds enough wire on his mandrel to make two or more 
springs, and then cuts them apart. He then presses the end of 
the spring against the flat side of a rapidly turning dry grinding 
wheel. The heat generated makes the end turn red hot at some 
point about °/s to 1/2 turn from the end of the wire. The wire 
bends at this red-hot place and the end of the wire moves back | 
against the next turn. He then dips the spring in water in an 
attempt to restore the temper to the heated part, and finishes the 
grinding. 

The end turn, instead of tapering uniformly in thickness for 
3/, of a turn to '/, the diameter of the wire at the end, tapers for 
1/, turn to a thickness about !/2 diameter of the wire, then in- 
creases in thickness for another !/, turn to */,4 diameter of the 
wire, then tapers another '/, turn to '/, diameter of wire at the 
end. This last taper may lie against the next turn for most of 
its length. 

The writer has often had to show the machine assembler (not 
a spring maker) how to cut off part of the end turn and regrind | 
so that the spring will not buckle in service. Even if the spring — 
were made according to the drawing as usually made, the center — 
of gravity of the load would not be in the extended axis of the 
spring. If the spring is not more than three times as long as its 
diameter, the buckling is usually not very noticeable. 

The writer prefers to make the end turn so that the end of the — 
wire does not touch the next turn until the spring is compressed 
solid, and instead of making the ground end exactly perpendicular — 
to the axis of the spring, to make it a helicord of small pitch 
relative to the pitch of the spring. If this is done, the end of the 
wire will take its proper share of the load without bending beyond 
the plane of the part, */, of a turn away, where the tapering of © 
the wire began. 

Most springs are never completely unloaded in service, many 
of them never more than !/; unloaded. In cases like this the 
minimum load brings the end of the spring into a plane perpen- — 
dicular to the axis. It is probable that the center of gravity of © 
the load is not in the axis of the spring, at the time of minimum — 
load, but as the load increases the center of gravity of the load — 
approaches nearer and nearer to the axis, and when maximum | 
load is attained the ideal condition exists with the center of gravity 
of the load is in the axis of the spring. 

It is then seen that the flat-ended compression spring and © 
its modifications is at best only a compromise, more or less suc- — 
cessful, so to load the spring that at no time during the compress- 
ing or releasing of the spring will any part of it be stressed beyond © 
its safe load. > 

In tension springs provided with hooks bent up out of the 
end turn and having the same diameter as the main body of the : 
spring, the hooks have to stand the same bending moment as the - 
torsional moment in the body of the spring. This means that 
the tension stress on the inside of the hook is about twice the — 
shearing stress on the inside of the body of the spring because, for 
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round wire, the section modulus for torsion is wd*/16 and for 
bending is rd’/32, so if Sr be the maximum tension stress in the 
hooks a and Ss be the maximum shearing stress in the wiping st then 


Thus, with the additional fact that the wire is often dam- 
aged by making the hooks, accounts for the observed fact that 
tension springs, if they break, always break where the hook con- 
nects to the body of the spring. There is a way to reduce the 
excessive stress in the hooks. It is to make the end turn a spiral 
and bend up the hook from the inner end of the spiral, making 
the mean diameter of the hook about one-half the mean diameter 
of the main body of the spring. 


The author’s tests on the two large springs would be much more 
valuable if the springs had been loaded to near their maximum 
safe loads instead of limiting the stress as calculated by the old for- 
mula to 34,400 for the small spring and 14,100 for the large one. 
In any event, I believe they should have both been loaded so as to 
produce the same stress. 

It is quite generally known that Hooke’s law gives only the 
first term of a rapidly converging series, so that Young’s modulus 
E and the shearing modulus G both have higher values when de- 
termined by stress-strain measurements using low stresses than 


\ 29 
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“Copper Clamp 


= 
they do when using stresses near but below the elastic limit. 
16-73: P 
d*-G 
the end turn is the deflection due to torsion of the point B, 
Fig. 3, and not the deflection of the pivot hole in the bar connect- 
ing points A and B. This would make the deflection of the 


2 


t hold onl dat. 
pivot hold only G 
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The author’s deflection r+ w = due to the torsion in 


In the author’s analysis no account 


is taken of the deflection at B due to the bending of the end turn 
by the load P/2 at B. This would produce a deflection about 
as large as that due to torsion. 

In order to get experimental data on the deflection of the end 
turn, the writer had a piece of '/,in. pretempered spring steel 
wire bent into */, of a turn of 2''/;, mean diameter, as shown in 
Fig. 11. 

It was loaded at B with a 70-lb weight and the deflection at B 
was 0.29 in. If we let G = 11,400,000, the deflection per turn 
of the main body of the spring is 0.488, when loaded to 140 lb. 
The deflection at B is then seen to be 0.595 of the deflection of 

- one turn, and the deflection at the center of the bar connecting 
A and B would be 29.7 per cent of the deflection of one turn, 
and for both ends the deflection due to the end turns is 59'/2 
per cent of one turn. 


_ J.P. Mananey.’ At the beginning of his paper the author 
shows that the value of G should be nearer 12,000,000 than 
- 10, 000,000. This is true provided Poisson’s ratio is taken as 0.30 
to 0.335 rather than 0.365. In some instances attempts have 
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been made to prove G equal to the lower value by substituting 

test data in the conventional spring formulas, but, since it 

is generally admitted that these formulas are approximate for 

“closely coiled” springs, such computations are not adequate 
proof. 

The author states that the bar in the free coils is subjected to 

a shear force of P/2. This is incorrect. The total load on the — : 

spring is P; consequently, the single bar must transmit this | 


total load from one end of the coil to the other and the shear in 
the bar will be P instead of P/2. 

Since present conventional spring formulas can be proved 
inaccurate, it does not follow that illogical corrections are ac- | 
ceptable. Adding one-half a coil to the number of free coils | 
admits that a portion of the seated end coils deflect, which is — 
beyond comprehension. It is true that torsional deformation © 
extends beyond the free into a portion of the seated coils, for | 
if this were not true, the first free coil at each end would not 
contribute its full share of deflection. To infer that there is | 
axial deflection derived from the seated coils is a process of creat- — ; 
ing one error to compensate for another. : 

As the paper shows for balanced loading the load P on a com- — 
pression spring may be resolved into two components of P/2 | 
each acting 180 deg apart. If the spring in Fig. 3 is loaded in 
compression, P/2 at B will produce torsional stress at A, and » + 
P/2 at A increases this stress to the final value within the spring. _ 
The stress in the seated coil must build up to the proper value at — 7 
A in order that the active end coils may be completely effective _ 
in contributing deflection. The stress within the seated coil 7 
A-B produces deflection indirecfly but its contribution to the _ 
total should not be counted twice. The author’s mathematical | 
deduction clearly shows that the torque available in A-B is | 
sufficient to produce deflection equivalent to one-quarter of an © 
active coil provided it were free to move, which is of course im- | 
possible. 


R. L. Peek, How accurately the solutions given for two- 
and three-point loading apply to helical springs compressed be- — 
tween parallel plane surfaces requires further analysis. Follow- _ 
ing the treatment given in Love’s ‘Mathematical Theory of 

Elasticity,” pp. 456-457, I have evaluated the force required 
to keep the extreme end of the inactive turn in contact with the 
point A (Fig. 3), a condition that must be satisfied under com- 
pression of this sort. I find this force trivial in comparison 
with the reaction at A under two-point loading, and this con- 
sideration therefore does not affect the validity of applying the 
result for two-point loading to compression between parallel 
plane surfaces. On the other hand, in such compression the © 
change in pitch angle of the active coils will cause their axis to — 
be no longer normal to the parallel plane surfaces applying load 
and their deformation will not be that corresponding to a purely 
axial thrust. Whether this effect will appreciably change the 
result, I have not ascertained. 


A. M. Waut.® The exact solution of the additional deflection 
produced by the end turns of a helical compression spring < 
undoubtedly a very complicated problem, since it depends on 
the exact shape of the end turns and on the distribution of load 
thereon. The author has simplified the problem by assuming a. 
end turns to have the full bar cross-section throughout their — 
length. In addition he assumes various distributions of load on 
the end turns, finally choosing that which seems to agree best “i =F 
test results. 

Since, in most practical cases, the deflection due to the end 
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a turns is but a relatively small part of the total deflection of the 


spring, a considerable error in estimating the effect of the end 
turns could be made without introducing much relative error in 
the total deflection of the spring. For this reason a rough ap- 
proximation, such as the author has introduced, might be of 
value in practical work, provided it has been confirmed by a 
number of accurate tests. 

The question of the effect of the end coils is closely bound up 
with that of the modulus of rigidity of the material. For years 
some spring manufacturers have used modulus values of 10.5 X 
10° or 10 X 10° lb per sq in., as the author points out. It is 
well known that these values do not agree with modulus values 
obtained by means of torsion tests on ordinary spring steels. It 
has been the writer’s opinion that these modulus values have been 
used largely to comp«nsate for inaccuracy in estimating the effect 
of the end turns: 2s¢ possibly for errors in the spring dimensions. 

To illustrate this point, some tests made on different springs 
at the Westinghouse Research Laboratories will be mentioned. 
The method used was to measure deflections between prick- 
punch marks on diametrically opposite points of the coil in the 
body of a helical spring and is described in a previous publica- 
tion.1° The coil diameter and wire diameter were carefully 
measured at several points on each coil and the results averaged. 
By measuring deflections in the body of the spring, the effect of 
the end turns was eliminated. The values of “effective”? modu- 


lus G could then be found from the known formula _ 


_ 8nD8P 

Three springs from one manufacturer, having indexes of about 
ten, when tested in this manner, yielded the following values 
for the modulus: 


Spring No 3 3 
G X 10-6 lb per sq in 11.46 11.50 


Three springs having indexes of about 6.5 from another manu- 
facturer gave the following values: 


Spring No Cc 
G X 10-6 lb per sq in 11.12 11.30 


These values are all definitely higher than the value of 10 or 
10.5 X 10° as assumed by some spring manufacturers. 

It should be noted that this method of determining the modulus 
assumes that the effect of the spring curvature is small, i.e., 
that the spring acts like a straight bar subjected to a torsion 
moment Pr. This of course becomes more nearly true for springs 
of large index. As far as spring deflections are concerned, this 
assumption is born out by previous tests by the writer,!° wherein 
it was found that the ordinary deflection formula for helical round- 
wire springs was correct within 3 per cent for springs having 
indexes varying from 2.7 to 9.5. In other words, a fourfold in- 
crease in curvature of a spring having a given wire diameter did 
not seem to have an appreciable effect on the modulus. The 
same thing is known to be true of curved bars in bending; i.e., 
in general, a curved bar in bending may be computed within a 
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using the following method suggested by R. E. Peterson, of the 
Westinghouse Company. A heat-treated round bar of spring 

material is first tested in torsion, thus determining the technical 

value of the modulus G. This bar would then be wound into a 

spring, and heat treated, after which deflections would be mea- 

sured in the body of the spring between prick-punch marks, so 

that the “effective” value of G could be found by use of the ordi- 

nary spring-deflection formula. The two values of G thus found — 
should be nearly the same if the effect of curvature is small. 

The writer would like to suggest that in determining the num- 
ber of coils to add to the free coils to find the active coils, it is 
necessary to know the “effective’’ value of G accurately; in 
other words, a small error in G would produce a big error in the 
number of added turns. For example, in the case of the author’s 
spring II, if Gis assumed 11.85 X 10°, then from 


> 


fa’ 

it is found that n = 12, whence the added coils become 12 — 111/ 
= '/,, But suppose G = 11.5 X 10° instead of 11.85 xX 10° 
(a variation not at all unreasonable). Then we would find n 
= 11.65, from which the added coils would be found to be 
11.65 — 11.5 = 0.15, a value which differs greatly from '/, 
as found by the author. This example shows the necessity 
for an accurate knowledge of the ‘‘effective’’ value of G. This 
could be determined, as mentioned previously, by measurements 
between prick-punch marks in the body of the spring, after which 
the average dimensions of the spring would be accurately mea- 
sured. In this connection, the writer has found it to be extremely 
difficult to obtain accurately the average wire diameter of a 
spring, without cutting it up after the test, since, due to coiling, 
the wire section becomes slightly oval. 

The method of determining the number of active coils, as 
proposed by the author, consisting of using two springs similar 
in every respect except in number of turns, would no doubt 
give an approximation which would be useful in practical work. 
For purposes of checking the theory, however, it would be neces- 
sary to find the average dimensions of each spring accurately. 
This would involve more labor than would the testing of one 
spring, as suggested above. Furthermore, there is a possibility 
that the modulus would vary some between the two springs, 
and this again would involve an additional error. For these 
reasons it is the writer’s opinion that tests on one spring would 
be preferable in order to confirm the theory. 

The value of Poisson’s ratio 1/m = 0.363 reported in the paper 
seems rather high for steel. Using G = 11.7 X 10°, EH = 30 X: 
10°, this would give 1/m = E/2G — 1 = 0.283. Taking 1/m 
= 0.3 (a value commonly used for steel) and E = 30 X 10, this 
would give G = 11.53 X 10°, which is not far from the values ob- 
tained in the writer’s tests mentioned above. 


AvuTHOR’s CLOSURE 


Answering Mr. McLean Jasper’s discussion in regard to the 
constancy of the modulus of elasticity ZH and Poisson’s ratio m for 


‘ oa few per cent accuracy as far as deflections are concerned by using 

the fundamental methods applied to straight bars, although this 
; is not true when stress calculations are made. The effect of 
7 > curvature on deflection was also found to be small in the case of 
; ion helical springs of circular wire by O. Géhner,!! who used more 


exact methods of calculation involving the theory of elasticity. 
The effect of curvature may be checked up experimentally by 


spring steel at various temperatures, we may, according to 
Hiitte, for all practical purposes assume E and m and therefore 
G constant at temperatures between 0 F and 400 F. 

Examples of springs applied at high temperatures are springs 
in steam indicators and on valves for internal-combustion engines 
and steam engines. As far as the author knows, the steam-indi- 
cator springs which are used for high-temperature steams and 


© A. M. Wahl, “Further Research on Helical Springs of Round gases as well as for cold air have been accepted as accurate for 


7 ; my quare Wire,” Trans. A.8.M.E., 1930, paper APM-52-18, practical purposes without using any correction factors for the 


; 110, Gdhner, “Die Berechnung zylindrischer Schraubenfedern,” V@rious temperatures to which they are exposed. 


Z.V.D.I., March 12, 1932. author, however, mainly considered springs used in at- 
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Mr. Austin calls attention to irregularities in the shape of 
- commercial compression springs especially in small sizes. How- 


and in Appendix 1) is nothing else than the deflection of the 
original end-coil center O, which, as well as that of the pivot 
hole between points A and B, is at a distance r from the center 
_of the bar cross-section subjected to torsion. 
Mr. Austin’s claim that the bending effect of load P/2 on 
the deflection of point O would be as large as that of torsion only 
is unfounded as may be seen from the Saint-Venant solution 
(see Appendixes 2 and 3) which includes the bending effect of 
load P/2 at B and shows that the deflection of point O is even 
somewhat less than that given by the author for torsion only. 

In Mr. Austin’s experiment shown in Fig. 11 the deflection 
of point B is claimed to have been 0.29 in. for a load of 70 Ib 
at B; but according to Saint-Venant’s solution this deflection 
should have been 0.231 in. for@ = 11.4 108 or 0.225 in. for G = 
X 

Mr. Austin would have found more accurate and reliable re- 
sults had he arranged his experiment according to Fig. 12. This 
arrangement consists of a helically and closely coiled spring- 

~ steel wire of one and a fraction of a turn. The coil diameter is 
about 20 or more times the diameter of the wire which latter 
should be about !/, in. The wire and coil diameter and the de- 
flection should be large enough to make unavoidable errors 
negligible in reference to the deflection. In Fig. 12 BAB’ is 


“Balance for 
Weight atA 


@, 

Fig. 12 
exactly one full coil and BA = AB’ and each is one-half coil. 
_ In order to eliminate errors due to initial tension or deflection, 
the’deflection — for the load Q; — Q: is determined. The 

1— 
deflection of a point B in reference to point A is f = 9 - 
for the load Q; — Q. at B. In order that the stress in the wire is 
within the elastic limit of the spring steel Q; must be less than 


3 
D (: “= é) lb where d and D are given in inches. The 


sum of the differential deflections in the two half coils BA and 
AB’ is alike and opposite in direction. For this reason the wire 
cross-section at A does not turn and therefore does not cause a 
change in the true deflection of B in reference to point A. 

In Mr. Austin’s test, however, the cross-section at A, Fig. 11, 


RP-56-4 


will turn and thereby increase the deflection of B, an amount 
corresponding to the torsional twist in the wire within the copper 
clamp near point A. This clamped portion of the wire cannot 
be held securely enough by the comparatively soft copper clamp 
to prevent twisting of the wire and consequently the turning of 
the wire cross-section at A. This torsional displacement of 
cross-section A of course increases the actual deflection due to 
the twist in half coil BA which stamps a test made according 
to Mr. Austin’s arrangement, shown in Fig. 11, as unreliable. 

The author has made a number of experiments according to 
Fig. 12 in which he found the deflections to check very closely 
with the Saint-Venant results. 

J. P. Mahaney mentions that the pure shearing force in the 
free coils due to the load P must be equal to P which is quite cor- 
rect. However, according to the explanation given by the au- 
thor in answer to A. M. Wahl’s discussion, the shearing force P 
is divided into halves. One-half balances an excess of the sum of 
the torsional shearing-forcee components parallel to the axis 
of the spring and acting in a direction opposite to P, while the 
other half adds a pure shear deflection to the torsional deflection 

as given by the conventional deflection equation f = aa 

Mr. Mahaney, after admitting that torsional deformation ex- 
tends beyond the free coils into a portion of the seated coils, elabo- 
rates considerably on his conception that since the end coils in 
a compression spring are not free to move they cannot contribute 
to the deflection of the spring. The deformation of the end coil, 
Mr. Mahaney claims, makes it possible for the first free coil to 
contribute its full share of deflection. If this statement were 
true, the conventional spring-deflection Equation [2] as de- 
veloped in the paper under the heading “Helical Spring With 
Rigid Arms at Coil Ends” would be faulty, as the first free coils 
in this case do not have the benefit of torsional deformation in 
end coils and therefore would not contribute their full share of 
deflection. Obviously, such a contention is against sound reason- 
ing as the development of the deflection Equation [2] includes the 
contribution of the full share of deflection of al! coils. 

The fact that the end coils are held so that they can move 
only axially and parallel to their plane does not prevent the bar 
of the end coils from twisting due to the torque applied. Thus 
the axial deflection of the spring is increased proportionally to 
this twist and corresponds to one-fourth of an additional free 
coil per spring end beyond the deflection of a spring with rigid 
arms at free coil ends. 

The author fully agrees with R. L. Peek, Jr., that in cases of 
compressing helical springs between parallel plane surfaces, the 
deformation of the spring as a whole and in particular of the end 
coil, will be different from the deformation as calculated in ac- 
cordance with assumptions made in the analyses in the paper. 
This difference will vary with the different shapes of the spring 
ends as furnished in commercial helical compression springs. 

However, when we consider the error range due to (a) using 
the conventional spring-deflection equation instead of the 
Saint-Venant equation given in Appendix 3, (b) unavoidable 
variations in spring-bar and coil diameters of commercial springs 
which appear in the equation in the fourth and third power, re- 
spectively, (c) change in pitch angle and coil diameter during 
compression, (d) uncertainty as to spring end loading conditions, 
(e) neglecting the influence of the spring index D/d, and (f) un- 
certainty as to the actual value of the modulus of elasticity F or 
G, respectively, the variation of the actual deflection of the end 
coil from the one calculated, and given as being equal to the de- 
flection of !/, coil due to maximum torque, is so small in compari- 
son to other discrepancies that its disregard is fully justified. 
This is very apparent when we realize that a 5 per cent error in 
determining the end-coil deflection results in an error of less than 
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is the deflection of point B (see Fig. 3). This deflection is derive ieee: 
_ from the product r - w which (as is clearly explained in the pap eg at 
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0.5 per cent in reference to the total deflection of a spring with stress components parallel to the spring axis, as explained by 
five active coils. Dr.-Ing. A. Réver in Z.V.D.J., Nov. 20, 1913, p. 1907. : 
An objection-free determination of the actual deflection of By using the conventional spring-deflection equation, it is 
the end coil of a commercial helical compression spring with an assumed that a curved bar has the same torsional deflection as 
accuracy within such a small error range would be very difficult. a straight bar of the same length. The stress distribution in the 
Referring to A. M. Wahl’s discussion, the values of EF, G, cross-sections of the straight and curved bars is, however, slightly 
and m were taken from the latest edition of Hiitte, 1931, first different and causes a small difference in deflection, amounting 
volume, p. 689, where the following data for spring steels is to one-half the deflection due to pure shear. The deflection of 
given: the curved bar is less than that of the straight bar, when the 
pure shear deflection is considered for both. 
832,000 ke per'sq The total deflection of the helical spring under load P is: 
— -G/E = 0.392 m = 3.63, from G@ = E/2(1 + 1/m) 
_64-n 48-P-R-n 
These data have always corresponded with spring tests made i 
under the consideration of the proper number of active coils (re- 
gardless of small or large number of active coils), as given in the 
author’s paper, and were therefore accepted by the author as 
being dependable. Hiitte is considered one of the outstanding 
sources of reliable engineering information. 
Mr. Wahl questions the accuracy of determining the value of 
G by testing two springs as suggested by the author, and in his 
example assumes G = 11.5 X 10° instead of 11.85 X 10°, in 
which case Mr. Wahl calculates the effect of the end coils to be = shear angle in radians 
that of 0.15 free coils instead of 0.5 as demonstrated in this 
paper. Mr. Wahl’s analysis is, on this point, incorrect and de- 
ceiving. 
In the author’s example, G is determined from actual values of 
nm’ = 11.5,d + 1.122, D = 4.14,f = 1.66, and P = 4600 and (in 
conformity with the theory developed in the paper) n = n’ + 1/2. 
If, in the example, the value of G had been different, say 
11.5 X 108, then the deflection f would have been 1.715 in. in- 
stead of 1.66 in. as it actually showed in the test, and n = 12 effective length of wire or bar 
and not 11.65. -The number of effective coils is fixed by the = deflection due to pure shear. i 
spring design and does not depend on the value of G. 
The value of G cannot vary much for commercial spring steel. Applying the extended deflection equation in conjunction with | 
5 The skeptical engineer, however, can determine its value and accurate spring tests will result in finding more uniform values_ 
- eoncurrently the actual effect of the end coils, with satisfactory for G. 
Plotting the shear deflection, in per cent of torsional spring — 
sions but with greatly differing numbers of coils, as suggested by deflection, against the spring index D/d we find the curve given’ 
the author in the last part of his paper. in Fig. 13. 
Mr. Wahl, in referring to the influence of the spring index on © 


shearing stress 
mean radius of coil 
mean diameter of coil 
diameter of spring wire or bar 
number of active coils 

= spring load 
torsional modulus of elasticity 
total spring deflection 


Q ds 


spring deflection, mentions that the conventional spring-de- 

- fietion equation for helical round-wire springs is correct within 
_ 3 per cent for springs having indexes varying from 2.7 to 9.5. 

The author determines the effect of the spring index on the 

spring deflection definitely by adding the direct shear deflection 

to the torsional deflection of the helical spring. The deflection 


L 
of direct or pure shear for the spring is f” = yL = ah = FQ 


\ 


4-12 


96°-P-R- 
— P = spring load, or f” = eR, About half 


Torsional Deflection 


d? - 
where L = 2Rrn, F. = (for circular cross-sections from 


Shear'in Per Cent of 


of this deflection is already included in the conventional spring 93 3 4 5 6 7 8 9 10 


equation, as in helical springs under load P about one-half the Spring Index #- 
shear load P is balanced by the total sum of torsional shearing- . 13 AppiTionaAL SHEAR HELICAL 


Additional Deflection Due to Pure 


{Corrections to foregoing paper. In Fig. 6, a should be angle AOB and ¢ angle AOC. 

In Fig. 7, a should be angle AOC and ¢ angle AOB. Discussions by J. P. Mahaney 

and A. M. Wahl were based on early transcripts of the paper in which Poisson’s 

ratio was given incorrectly. The correct value, see page 467, is 0.275. In the ninth _ an = 

line from the bottom of column 1, page 475, the correct value of f is (e, ste 
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The Thewial Performance of the Dewoit 


Turbine Using Steam at OOO F 


This paper gives the results of a large number of tests 
made to ascertain the thermal performance of a 10,000- 
kw turbine-generator designed for steam at 1000 F. The 
thermal efficiency was found to be 31.8 per cent and the 
engine efficiency 76 per cent for the complete unit. A 
companion paper, entitled “High-Temperature Steam 
Experience at Detroit’”’ (A.S.M.E. Trans., 1934, FSP-56-9), by 
P. W. Thompson and R. M. Van Duzer, Jr., deals with the 
generation and utilization of the steam at this tem- 
_ perature, with special reference tothe materials employed. 
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4d HE advantages of using high-temperature steam at the 
throttle of a turbine, as compared with low-temperature 

steam of the same pressure, used without reheating, are: 

(a) more energy is available for transformation into work for 
any specified exhaust pressure; (b) a larger portion of this 
- available energy can be utilized; and (c) less erosion of the 
turbine blades in the low-pressure stages is produced. These 
_ advantages are of sufficient importance in the operation of 
large central stations to justify the expenditure of large sums 
of money to ascertain new facts concerning the use of high- 
temperature steam. Even though steam temperatures above 
1000 F have been used previously in certain static apparatus, 
the problems encountered in designing turbine parts to sustain 
_ high temperatures are much more difficult, because small clear- 
ances between the high-speed rotor and the stationary elements 
must be maintained in spite of the tendency of the materials 
_ to grow and become seriously distorted when heated to a tem- 
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perature nearly 1000 degrees above that prevailing when the 
machine is cold. 


The main results obtained from the analysis of the tests of the 
Detroit unit may be briefly expressed as follows: a) 


(a) The energy consumption of the complete unit (turbine- 
generator and three heaters) was 10,730 Btu per kwhr, for a 


a throttle temperature of 1000 F and an exhaust pressure of 1 

. Hg abs. This means a thermal efficiency of 31.8 per cent 
aa an engine efficiency of 76 per cent for the complete unit. 

(b) A load of 10,000 kw with steam at 1000 F was not large 
enough to give the highest thermal efficiency of this unit. 

(c) Increasing the steam temperature from 700 to 1000 F 
reduced the energy consumption of this unit 920 Btu per kwhr 
or 7.9 per cent. 

(d) The radiation and convection losses from the turbine 
and heaters with steam at 1000 F were relatively small, namely, 
0.6 per cent of the available energy for a load of 10,000 kw. 

(e) The loss due to the leakage of sealing steam was relatively 
large, namely, 4.4 per cent of the available energy for full-load 
conditions. This is probably not an inherent characteristic of 
large turbines designed for steam at 1000 F. 

(f) The results of these tests become attractive when viewed 
from the future possibilities of steam at 1000 F used in large 
units with a far smaller percentage of loss due to the sealing 
steam, since the complete elimination of this loss (not an in- 
conceivable attainment in a unit of 50,000 kw or larger) would 
mean an energy consumption of about 9900 Btu per kwhr of 
net generator output for the same steam pressures as used in 
these tests. For a pressure of 1200 lb per sq in., and no re- 
heating, one may reasonably expect that a very large unit (say 
75,000 kw or more) would require an energy consumption of 
about 8600 Btu per kwhr. 

(g) The foregoing conclusions refer only to thermal efficien- 
cies. The authors are not overlooking the difficulties of design © 
and of material that have arisen in the building of the present 
small machine. Neither are they failing to recognize the opinions 
expressed on behalf of the turbine manufacturers that such 
a large machine as that described in (f) can be built, are implicit 
rather than explicit. The authors in this paper have made some 
suggestions as to modifications of design, and inasmuch as they 
are neither designers nor builders of turbines, they do not wish 
to expand these. But they take occasion, nevertheless, to say 
that in their opinion the difficulties of building such a large 
machine for steam having a temperature of 1000 F are not 
insuperable. 

(h) The “nominal’’ over-all coefficients of heat transfer in the 
feedwater heaters that received highly superheated steam in 
these tests may seem to be high relative to those generally ob- 
tained when saturated steam is used. These, however, are 
merely “nominal” values based upon “nominal” mean tempera- 
ture differences rather than upon the real ones; and the water 
velocities involved in each case should also be carefully consid- 
ered. The temperatures of the feedwater leaving the heaters, as 
indicated by the “nominal” temperature differences which are 
based upon the saturated temperatures of the entering steam, 
approached closely the values applying to the ideal unit herein 


load of 10,000 kw, a throttle pressure of 390 lb per sq in. 7: 
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TABLE 1 SUMMARY OF TEST AT 1000 F 
Net Load, kw 
terminals 5,986 


steam entering throttle 

Of sealing steam entering regulator. . 
Of feedwater leaving 9th-stage heater 


Absolute Pressure, lb per sq in. 


Of steam entering throttle. . 

Of sealing steam entering regulator. . 
Of steam at 9th-stage bleeder nozzle. . 
Of steam at 14th-stage bleeder nozzle 
Of steam at 17th-stage bleeder nozzle 
Of steam entering condenser 


Steam Rate, lb per kwhr 


Generator Efficiency, per cent 
Including bearings, ventilation, and 
excitation (furnished by B.T.-H.Co.) 
Energy Consumption Rate, Btu per kwhr 


Of complete unit (turbine-generator 
and heaters) 
Of turbine and heaters............. 


Thermal Efficiency, per cent 


Of complete unit 
Of turbine and heaters 
Of corresponding ideal unit......... 


10,890 
10,353 


11,995 
11,023 


31.34 
32.97 
42.00 
Engine Efficiency, per cent 


Of complete unit. 
Of turbine and heaters. 


74.62 
78.49 


used. On the other hand, the true terminal temperature differ- 
ences of the heaters were much larger than the “nominal” as 
they were based upon the actual temperature of the highly 
superheated steam entering the heaters. 

The most important data pertaining to the tests with steam at 
1000 F and the results obtained from them are summarized 
in Table 1. Attention is called to the two items for the steam 
rate as given in this table. The sum of these two steam rates is 
purposely omitted, as such a result would be of little significance, 
since the energy supplied with each pound of throttle steam was 
much greater than that supplied per pound of sealing steam. 


DESCRIPTION OF THE UNIT 


The unit tested consists of a horizontal tandem-compound 
turbine, a 12,500-kva generator, and three regenerative feed- 
water heaters. The turbine was designed for a steam pressure 
of 380 Ib per sq in. abs at the throttle, an exhaust pressure 
of 1 in. Hg abs, and a steam temperature of 1000 F at the throttle. 


It operates at 3600 rpm and is of the impulse type with nine stages 
in the high-pressure cylinder and eleven in the low. The genera- 
tor operates at 4800 volts and 60 cycles. A cross-section of the 
turbine is shown in Fig. 1. The pitch diameters of the blading 
in the first, second, ninth, tenth, and twentieth stage wheels are 
approximately 32.5, 23, 23.5, 32, and 50 in., respectively. The 
oil pump, exciters, and generator ventilating fans are driven by 
the turbine. The output of the generator, therefore, as given 
under the heading “‘Load”’ in the test data represents the net 
output of the unit, except for the negligibly small (0.1 per cent) 
amount of energy expended to operate the hotwell pump and the 
heater-drains pump. The feedwater heaters are of the horizontal 
four-pass type with heating surfaces as given in Table 6. The 
drains from the heaters are handled as shown by the diagrammatic 
sketch in Fig. 2. The exhaust steam from the turbine is delivered 
to an 8000-sq ft, two-pass condenser, which is slightly undersized 
for this service, as it was originally intended for another installa- 
tion. 

The turbine speed is regulated by a flyball-type governor 
driven directly from the turbine shaft, and the governing is ac- 
complished by means of five control valves that are operated by a 
camshaft moved by an oibservo-motor controlled by the governor. 

The high-pressure shaft packing constitutes an important 
part of the turbine because leakage of the high-temperature 
steam might cause serious heating of the shaft and bearing in 
addition to the loss of energy due to the leakage. The axial 
length of the high-pressure packing is greater than the as- 
sembly of the first nine wheels, as may be seen in Fig. 1. This 
extended form of the packing permits the shaft to be kept 
reasonably cool by the sealing steam leaking through the pack- 
ing, and thus the main bearing is not endangered by the high 
steam temperature at the throttle. The steam leaving the 
first-stage wheel has a temperature of about 930 F and is kept 
from passing through the packing glands by using saturated 
steam of slightly higher pressure as sealing steam. When the 
sealing-steam regulator is set to give a pressure at entrance to 
the high-pressure packing of 0.5 lb per sq in. above that in the 
first-stage shell, the leakage of saturated steam past the inner 
packing and into this shell amounts to about 10 per cent of the 
total sealing steam, or about 0.6 per cent of the total flow to the 
turbine for a load of 10,000 kw. Part of the sealing steam from 
the intermediate high-pressure packing passes on to the outer 


SEecTIONAL VIEW OF THE 1000- 
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FU ELS AND STEAM POWER 


_ packing and the remainder goes to the ninth-stage heater. Part 
of the leakage through the outer packing seals the shaft packing 
on the exhaust end of the turbine and the remainder passes 
through & pressure regulator on its way to the seventeenth-stage 
heater. The connecting lines between the turbine, heaters, 
pumps, and seals are shown in Fig. 2. The atmospheric vents, 

_ marked A in the diagram, discharge very small amounts of 
vapor, and thus serve to give constant evidence to the operator 
that all seals are being properly maintained. No water seals are 
_ used on any of the shaft packings. The packing is of the saw- 
tooth type, as shown in Fig. 3, and is arranged in the form of 
individual rings, each of which is composed of four sectors. 
The sectors are held in place by leaf springs, which are intended 
to provide sufficient flexibility to prevent damage to the packing 
from small shaft deflections that are likely to occur during start- 

The high-pressure cylinder has an inner and an outer casing, 
as shown in Fig. 1. The inner casing holds the eightinterstage 
_ diaphragms and is made in two halves with axial flanged joints. 
_ The outer casing supports the inner one, fitting it syiyely at the 
end nearer the throttle, and has only circumfere: .ial joints 
-at its two ends. This construction eliminates the junctions of 
axial and circumferential joints used in the conventional design 
turbine cylinders with split casings, which might be difficult to 
maintain in a tight condition with steam at such a high tempera- 
ture. 

The materials used in the construction of the turbine are 
fully discussed in the accompanying paper on “High-Temperature 
Steam Experience at Detroit,” by P. W. Thompson and R. M. 
~ Van Duzer, Jr. (A.S.M.E. Trans., 1934, FSP-56-9). 

The turbine and generator were made by The British Thomson- 
Houston Company, Ltd., of Rugby, England, and the heaters 
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operation, some wear was undoubtedly caused by starting the 
unit eight times before the final tests were made. 


Test PRocEDURE 


Forty runs were made on this unit under various conditions, 
such as load, temperature of steam at the throttle, temperature 
of sealing steam, and exhaust pressure. Only twenty-four runs 
are tabulated in this paper as they are the ones for which the 
operating conditions were the nearest to those for which the 
unit was designed. 


ATMOSPHERIC VENT 


Fie. 3 SecTrionat View oF HiGH-PREsSURE SHAFT PACKING 


: iss The loads on the unit were nominally 


~ 10,000, 8000, 6000, and 4000 kw. The 
___ pressure of the steam at the turbine throt- 
tle was maintained at approximately 390 lb 

: per sq in. abs by manual operation of a 
throttling valve at the superheater outlet. 

“> This throttle pressure was about 3 per 

—< cent above that for which the turbine was 

ar designed. The temperature of the steam 
at the turbine throttle was maintained at 
1000 F during the principal runs and at 
900, 800, and 700 F on the supplementary 
runs. The steam supplied to the throttle 
was station steam of approximately 700 F 
that had been further superheated in an 
oil-fired superheater. 

During most of the runs saturated steam 
at a pressure slightly above that in the 
first-stage shell of the turbine was used 
to seal the high-pressure shaft packing. 
In the earlier runs this differential pres- 


CONDENSER 


Fig. 2 


were made by The Griscom-Russell Company, of New York 
City. The unit was installed in Delray Power House No. 3, 
of The Detroit Edison Company in 1930. Before the tests were 
made the unit had been operated under load for more than 4700 
hours, of which 1500 had been with steam at 1000 F. This 
operation involved a large number of separate runs, which caused 
noticeable wear of the high-pressure packing glands during the 
starting periods. Although the glands were refitted after this 


DIAGRAM OF TURBINE AND HgaATER CONNECTIONS 


sure was about 1.5 lb per sq in. and was 
gradually reduced to 0.5 as the runs 
progressed. Certain runs were repeated 
in order to study the effect of using seal- 
ing steam at a temperature of 700 F. 

The exhaust pressure during some of the runs was undesir- 
ably high as they were made in the summer time with warm 
condensing water and no attempt was made to regulate the 
exhaust pressure to some constant value. While the runs in 
the winter time were being made, the exhaust pressure was 
regulated to approximately 1 in. Hg abs for all loads by ad- 
mitting air to the vacuum pump suction. During all runs the 
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power factor was maintained at the design value of 80 per cent. 

Each run was of such duration that approximately 40,000 
kwhr were generated. This insured ‘uniform accuracy in weigh- 
ing condensate and measuring electrical output in all runs. 
The frequency of making instrument observations was ad- 
justed on the runs of various lengths so that there would be 
approximately the same number of observations om each run. 
Portable telephones were used to synchronize the essential 
observations. The personnel consisted of eleven men. 

The pressures of the steam at various locations were measured 
with different types of instruments. Those of the steam at the 
throttle, at the sealing steam inlet, and at the higher pressure 
bleeder nozzles were measured with Bourdon spring pressure 
gages. The pressure at the low-pressure bleeder nozzle was 
obtained by means of a mercury manometer. The exhaust 
pressure was measured by two barometer-type mercury columns 
connected to tapped openings in opposite sides of the distance 
piece between the turbine exhaust opening and the condenser. 
These two openings were in a vertical plane approximately 2 ft 


beyond the last-stage wheel. Atmospheric pressure was 
measured by a mercury barometer. 
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Fic. 4 CoMPpaRISON OF THERMOCOUPLE READINGS RESULTING FRoM 
Two DIFFERENT METHODS OF INSTALLATION 


Method of Measuring Temperatures. The temperatures of 
the steam entering the throttle and of the sealing steam were 
measured by means of a potentiometer-type thermocouple 
system. Iron-constantan thermocouples were peened into the 
outside surfaces of the pipe, which were well insulated. The 
wires of the thermocouples were electrically insulated from 
the pipe and were wrapped around the pipe before being led out 
through the pipe covering. The high accuracy of this method 
of measuring the temperature of steam flowing in a well-insulated 
pipe results from the very small temperature gradient from the 
flowing steam to the outside surface of the pipe. This tempera- 
ture head is small, as there is a very small amount of heat con- 
ducted through the liberal thickness of pipe covering. The 
relative accuracy of this method of measuring the temperature 
of steam compared with that of using a thermocouple welded 
into the bottom of a thermometer well is indicated by the curves 
in Fig. 4. This comparison, which is one of several made by the 
Research Department of The Detroit Edison Company, is at a 
somewhat lower temperature than the maximum temperature of 
1000 F encountered with this turbine, but these curves show that 
this method of measuring the temperature of steam in a well- 
insulated pipe is reliable. 

All other temperature measurements except one were made 
with etched-stem thermometers. The exception was that of 
the steam entering the ninth-stage heater which was measured 
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with a thermocouple inserted in a thermometer well because of : 


insufficient room to insert an etched-stem thermometer. 

Steam Consumption Measurements. Measurement of the 
steam consumption was complicated because the amount of 
condensate from the hotwell, the sealing steam, the bled steam, 
the leak-off steam, and leak-off sealing water had to be made 
separately. The water for sealing the shaft glands of the 
pumps and the relief valves on the condenser and heaters was 
condensate from this unit. 

During the ‘tests with steam at 1000 F, the condensate 
from the hotwell, instead of being pumped directly to the low- 
pressure heater, as shown in Fig. 2, was delivered by two pumps 
in series to open weighing tanks. From these tanks it flowed by 
gravity to an open dump tank, through a deaerator, through a 
surface-type cooler and to the suction of the hotwell pump shown 
in Fig. 2. Thus it started through the feedwater heaters at sub- 
stantially the same temperature that it had at the hotwell outlet. 
The weighing tanks were provided with leakproof dump valves 
and with jlarge certified calibration weights which could be 
applied atfwill by means of hydraulic jacks. 

The riaés of flow of sealing steam to the high-pressure shaft 
packing and of the leak-off from this packing to the low-pressure 
shaft packing and heaters were measured by means of flow 
nozzles and differential manometers. Mercury under water 
was usually used in these manometers, but in order to increase 
the differential indicated by the manometers in some cases 
acetylene tetrabromide was substituted for the mercury. Its 
specific gravity is 22.1 per cent of that of mercury at 32 F, 

The steam bled from the turbine for heating the feedwater 
was supplemented in two of the heaters by leak-off sealing 
steam from the shaft packings, as shown in Fig. 3. The con- 
densate produced in the heaters was cascaded successively 
from the highest pressure heater to the lowest pressure one. 
From the latter it was pumped into the feedwater circuit beyond 
the outlet of the lowest pressure heater. The quantity of steam 
bled from each extraction nozzle was calculated from the energy 
balance of the three heaters. The known data entering into this 
energy-balance were, (1) the rate of flow of feedwater through 
the low-pressure heater, (2) the rate of sealing steam leak-off 
from the high-pressure shaft packing to the heaters, (3) the pres- 
sure of the steam entering each heater, and (4) the temperatures 
of the heater drains entering the water circuit beyond the low- 
pressure heater, of the feedwater entering and leaving each heater, 
and of the steam entering each heater. 

The small amount of sealing steam escaping from. each of 
the four shaft-packing atmospheric vents was measured once 
during the tests by collecting the steam in a pipe leading to a 
small condenser. The weight of the condensate formed during 
a definite period determined the rate of flow, which was assumed 
constant for all runs. 

The steam leak-off from the throttle valve and the control 
valves was condensed and, being unmeasured, was admitted 
to the suction of the pump that delivered the hotwell condensate 
to the weighing tanks. 

All of the water used for sealing the relief valves on the heaters, 
as well as on the turbine exhaust, and for sealing the shaft 
glands on the pumps was condensate extracted from various 
points in the water circuit of the unit. In some cases the water 
had not yet reached the weighing tanks before it was with- 
drawn to be used for sealing purposes, while in the other cases it 
had been through the weighing tanks before being diverted from 
the main water circuit. In the former cases the leak-off was 
collected in tanks and was periodically siphoned into the suction 
of the pump that delivered the hotwell condensate to the weigh- 
ing tanks. In the latter cases the leak-off was measured in 

open tanks and was then discarded; but its magnitude was not 
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sufficient to affect the heater performance whether it passed 
_ through the heaters or not. Although the leak-off in the latter 
cases was small, it was applied as a correction to the weighed 
water to determine the amount of feedwater entering the low- 
_ pressure feedwater heater. 

The piping system for this unit was thoroughly isolated from 
7 the rest of the plant at all connecting points, by means of double 
7 ov alves with open drips between them. 

Tests for leakage of condensing water into the steam space 
of the condenser, and of cooling water into the weighed con- 
_ densate as it passed through the cooler, which were continually 
_ made by the electrical conductivity method, showed that there 
was no inleakage of water that was detectable. A careful test 
of the entire circuit through which condensate from both sources 
_of steam passed was made and it showed that no steam or con- 
_densate escaped measurement. The errors in determining the 
entire steam flow very probably did not exceed plus or minus 1 
per cent. 

Generator Output. The generator output was measured by 
means of instrument transformers and an integrating watt- 
meter which had a low multiplier, namely, 100. 

Radiation and Convection Losses. During one run with 
steam at 1000 F and a load of 10,000 kw, sufficient data were 
taken to calculate the heat transmission from the unit by radia- 

tion and convection. These data included, (1) the area or sur- 
faces of the turbine, of the feedwater heaters, of the steam 
extraction lines, and of the water piping between heaters, (2) 
th temperatures of these surfaces, (3) the ambient air tempera- 
ture, and (4) the temperatures of other bodies that absorbed 
_ radiation from the unit. The only parts of the unit that were not 
_ well insulated were the bonnets of the turbine control valves and 
_ the pumps. 

Calibration of Instruments. All the instruments used in these 
tests were carefully selected for their appropriateness and 
reliability. They were calibrated with care both before and 
_ after the tests. Some of them were occasionally given additional 
checks between runs. 

Alternate Test Procedure in Supplementary Runs. In the 
_ supplementary runs, during which the temperature of the 
steam at the throttle was 900, 800, or 700 F, all measurements 

were made as in the runs with steam at 1000 F, except that the 
_hotwell condensate was not weighed, but was pumped directly 
to the feedwater heaters as during normal operation. A care- 
fully calibrated integrating venturi meter on the discharge side 
of the high-pressure heater measured the hotwell condensate 
_ plus that from the heater-drains. 
The probable errors in determining the entire steam flow in 

these supplementary runs were not more than plus or minus 1.5 
cent. 


ENGINE EFFICIENCY AND THE IDEAL UNIT 


The thermal performances of turbines and turbine generators 
may be expressed in terms of their thermal efficiencies, engine 
efficiencies, and rates of energy consumption per unit of me- 
chanical or electrical energy delivered by the unit. Each 
of these forms of expression is useful, and the one of most value 
_ depends upon the purpose for which the performance data are 
desired. With a turbine that uses steam of higher temperature 
or higher pressure than is usual, however, the engine efficiency 
beeomes of the greatest interest because this term expresses more 
satisfactorily than any other one the degree of perfection at- 
tained by such a turbine. The engine efficiency of any unit is 
defined as the ratio of the thermal efficiency of the actual unit 
to that of the corresponding ideal unit. The word “unit” in this 
definition may be taken to mean the turbine and its regenerative 
feedwater heaters, or the turbine generator and heaters. 
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All real turbines have the following imperfections: throttling — 


at admission, leakage at the high-pressure and low-pressure | 
packings, leakage between stages, nozzle and blade losses, — 
rotational losses, exit velocity loss, bearing friction, and heat — 
transmission from all external parts of the machine to its sur- — 
roundings. The ideal turbine has none of these losses because © 
it is defined as a machine that can utilize all of the available — 
energy of the steam for any specified throttle condition, ex- | 
haust pressure, and any given number of feedwater heaters ex- — 
tracting steam at the same pressures as those used in the actual 
turbine. 

When a turbine bleeds steam to heat feedwater the combina- 
tion of the turbine and its heaters constitutes a regenerative — 
unit, and the corresponding ideal unit may include an infinite — 
number of heaters or the same number of heaters as are em- _ 
ployed in the actual case. The choice of which ideal regenera- 
tive unit to select as a standard on which to base the engine 
efficiency of the actual unit depends chiefly upon the purpose 
for which the results are needed. For those cases, however, 
in which a specific turbine has been operated and tested with a 
finite number of heaters in use, there is one important advantage _ 
in comparing its performance with that of an ideal unit having 
the same number of heaters as the actual. With this procedure 
the effect of the number of heaters in use on the engine efficiency 
is eliminated; and the engine efficiency of the turbine and 
heaters will, therefore, be less than 100 per cent simply because 
of the imperfections in the turbine and heaters. 

The actual heaters have certain losses such as those due to 
throttling of the steam in its passage from the turbine to the 
heaters, heat transfer from the outside of the heater to the 
surroundings, and a terminal temperature difference. These — 
heater losses are not large, but nevertheless they tend to make ~ 
the engine efficiency of the regenerative unit somewhat less 
than that of the same unit operated on the Rankine i 
However, the efficiency of the ideal regenerative unit with a 
finite number of heaters is generally sufficiently higher than | 
that of the Rankine to make the thermal efficiency of the actual — 
regenerative unit far superior to that obtained without regenera- 
tive feedwater heating. In this connection, attention is called 
to the bare possibility of having a higher engine efficiency with | 
the regenerative unit than with the same turbine operating on — 
the Rankine cycle, because it is possible, at full load or overload, 
to have the blades in the last stage of a turbine too small to handle _ 
efficiently the total throttle flow, and thus the last-stage a 
loss may become sufficiently large to counteract the effect of the 
heater losses in the regenerative unit. , 

Ordinarily a turbine has but one supply of steam, that is, 
the amount coming through the throttle valve, but in this 
high-temperature unit the turbine has two sources of supply. 
The chief one is that of the throttle, and the secondary one is 
the steam supplied to the regulator to seal the high-pressure 
packing glands from which some of the sealing steam passes to 
the first-stage shell and thus through the remainder of the 
turbine. This secondary supply is used because steam of a 
lower temperature than the throttle steam is more satisfactory | 
as sealing steam. This secondary supply of steam complicates 
to a considerable extent the calculation of the efficiency of the 
corresponding ideal unit, which is considered to fulfil the follow- 
ing conditions: 

(1) The steam supplied to the ideal unit corresponds with 
that of the actual unit as to the quantity and condition at each 
of the two points where steam is admitted. 

(2) All steam admitted to the ideal unit is assumed to have no 
throttling, leakage, fluid friction, turbulence, or heat transfer 
in its passage through the turbine. Any steam admitted, in 
addition to that at the aa is a as ome at con- 
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NoTATION AND METHODS OF MakING CALCULATIONS 
The notation that follows is.used in Tables 2 and 3 and 


(6) The exhaust pressure is the same as that of the 


actual turbine. 


heater, the water is considered as delivered to the feed 


pump. 


_ in the equations given in this section. 
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On the other hand, for the 
; hence this figure 


does not show the probable states of the steam during its 


that of the feedwater at f are needed 
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actual total flow, lb per hr 


enthalpy, or heat content, of the steam 
at entrance to throttle, Btu per lb 


actual flow of throttle steam, lb per hr 


actual flow of sealing steam, lb per hr 
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fraction 
frac- 
sources, 


rate 


respectively, 


= enthalpy of 
steam at pressure 
fraction of w, bled at 


L 


ate 1, Btu per Ib of 
=energy consumption 
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= efficiency of the ideal _ 


y of the 


Wki 


14th-, and 17th-stage bleeder 
— hg 


nozzles, and at entrance to the 
condenser, respectively, lb per 


sq in. abs 
the flow of 1 lb of steam through a 


suming this steam to enter the _ 
unit with each pound of steam | 


combined from both 


enthalpies of the steam after 
Btu per lb of total flow 


isentropic expansion from state 
1 to P2, Ps, Pry and Ps, Trespec- 


tively, Btu per Ib 
enthalpies of saturated liquid 


corresponding to ps, ps, ps, and 
po after mixing the steam from 
the throttle with that from the 


sealing-steam regulator 


hy — hs 
hy — hs 
tion of w, bled at state 4 in the 


ideal unit 
Wk; = hy hs m2(he hs) 


of w; bled at state 3 in the 
(hs — hs) — m(hy — hs) = the 
mechanicalenergy availablefrom 


temperature leaving the 9th- 
ideal unit 


stage heater, Btu per Ib 


responding to actual feedwater 
L = load on the generator, kw 


enthalpy of saturated liquid cor- 


ing ideal unit at state 1, Btu 
P2, respectively, Btu per Ib 


per lb 
Pa and p, = steam pressures at entrance to 
the throttle and to the sealing- 


steam regulator, 


Ib per sq in. abs 
steam pressures at the 9th-, 


entrance to the regulator, Btu 


enthalpy of the sealing steam at 
per Ib 


state 2 in the ideal unit 
(h; — he)(1 — mz — ms) 
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the actual unit, Btu per kwhr 
3413 


ce 


= thermal efficiency of the actual unit 


engine efficiency of the complete unit (tur- 


bine-generator and _ heaters) 
efficiency of the generator, including bearings, 
ventilation, and excitation 


The generator efficiencies, as given in Tables 1 and 3, were 
supplied by the builder. The engine efficiency of the turbine 
and heaters is found by dividing the engine efficiency of the 
complete unit by the generator efficiency. 

Sample calculations for the ideal and actual units in Run 
No. 1 (see Tables 1 and 2) are as follows: 


Wala + wh — 84,448 X 1529 + 5444 X 1206 


or (We + woe) 89,892 
= 1509 Btu per lb 
= 7.16 per cent 
_ (hs —hz)(1 — _ (237 — 163) (0.9284) 
hy — hy — 163 
= 6.37 per cent 
_ (hr — he)(1 — m2 — ms) _ (163 — 48)(0.8647) 
lig thy 1126 — 48 
= 9.22 per cent 
Wki = hi — hs — ma(he — hs) — ms(hs — hs) — ma(hy — hg) 
= 1509 — 945 — (0.0716)(1355 — 945) — 
(0.0637)(1238 — 945) — (0.0922)(1126 — 945) 
= 499 Btu per lb on 
Wki 499 
-- = = 41.86 t 
h—k 
wi(hi — hy) —89,892(1509 — 308) 
= 10,730 Bt 
L 10,068 
kwhr = energy consumption rate of the actual unit 
13 
€a = = 31.81 per cent = actual thermal 
efficiency of the complete unit 
31.81 
— = —— = 75.99 per cent = engine efficiency of the 
es 41.86 
complete unit 
(€a) (1) 0.7599 
— X — = —— = 79.50 per cent = engine efficiency of the 
turbine and heaters alone. 


It may be noted that throughout this paper the term “energy 
consumption rate” (energy rate) of the unit is used instead of 
the more common one “heat consumption rate’”’ (heat rate). 
The former term is preferred because it is a more accurate ex- 
pression for any steam turbine, although the term “heat rate” 
is entirely appropriate for a steam station. The reason for this 
distinction becomes apparent after careful consideration is 
given to the facts in the matter, regardless of what may have 
been heretofore commonly used. Steam passes through a 
turbine under steady flow conditions, and this steam cannot, 
therefore, continuously operate a turbine by merely having 
heat supplied to the fluid. Instead, the fluid must be con- 
stantly supplied with the more expensive mechanical energy 
delivered by suitable pumps before the absorption of heat takes 
place in a steam-generating unit. These two forms of energy 
supplied to the fluid are simply and accurately taken care of, 


in the equations previously given, by means of the enthalpies 


x 
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of the fluid at entrance to, and exit from the unit. In this 
connection, particular attention is called to the term hy be- 
cause this is the enthalpy of saturated liquid corresponding to 
the feedwater temperature leaving the ninth-stage heater, and 
not the enthalpy of the feedwater corresponding to its actual 
state leaving this heater. The actual pressure of the feed- 
water leaving this heater is several hundred pounds higher than 
the saturation pressure corresponding to the feedwater tem- 
perature, merely because the feed pump is conveniently con- 
nected between the ninth- and fourteenth-stage heaters, as 
shown in Fig. 2. The three heaters and their pumps form part 
of the complete unit, but the feed pump is not included and 
thus the energy credited to the unit by the feedwater leaving the 
ninth-stage heater is determined by its temperature rather than 
by its temperature and pressure. 


Test Data 


In addition to the summary, given in Table 1, the principal 
test data are presented in Tables 2 and 3 for which the nota- 
tion and methods of calculation have been given in the preced- 
ing section. The values given in Table 2 are needed to cal- 
culate the efficiency of the ideal turbine and three heaters under 
various conditions. In this table the pressures, temperatures, 
and rates of flow were obtained from observed values for the 
actual unit. The enthalpies and entropies corresponding to the 
test data and the methods of calculation previously given were 
taken from Keenan’s Steam Tables. In both Tables 2 and 3, 
the data for the first eight runs were obtained with the exhaust 
pressure held as near to 1.0 in. Hg as could be obtained by regu- 
lating the air leakage into the suction line of the vacuum pump, 
since they were made when cold condensing water was available. 
The remainder of the runs, 9 to 24, inclusive, were made during 
warm weather when an exhaust pressure of 1 in. could not be 
obtained under full load conditions. For all of these runs, 
whether with regulated or unregulated exhaust pressures, the 
engine efficiencies given in Table 3 have been based on the ideal 
unit having the same conditions as those prevailing during the 
test; hence this table gives the actual engine efficiencies obtained 
with various exhaust pressures and throttle temperatures. From 
this table one may observe that the highest value of the engine 
efficiency of the turbine and heaters for steam at 1000 F and an 
exhaust pressure of 1.01 in. Hg abs was 79.5 per cent, as shown 
for Run No. 1. On the other hand, in Run No. 9, when the ex- 
haust pressure was 1.82 in. Hg abs and the throttle tempera- 
ture the same as in Run No. 1, the engine efficiency was 81.5 
per cent. This is in keeping with the general characteristics 
of turbines, since the lower exhaust pressure involves a larger 
loss of available energy due to the greater losses due to mois- 
ture and to exit velocities from the wheels in the low-pressure 
region. The thermal efficiency in Run No. 1, however, is greater 
than that in Run No. 9, because the available energy is so much 
greater with the lower exhaust pressure. 

To show the relation between the throttle temperature and 
the rate of energy consumption of the unit, the data must be 
reduced to a comparable basis, as shown in Table 3A. The 
correction factors in this table were obtained from the builder of 
the turbine; and these corrections are seen to be almost negligible, 
except in certain runs where the exhaust pressure was much above 
the nominal value. Since the corrections due to variation in the 
exhaust pressure were appreciable for some runs, the manu- 
facturer’s values of this correction were checked by actual test 
and found to be correct. After obtaining the corrected energy 
consumption, as given in Table 3A, the results were plotted as 
shown in Fig. 6, in which the triangles represent data for Runs 
1 to 8, inclusive, and the circles for Runs 9 to 24, inclusive. Even 
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The additional curves given in Fig. 7 show approximately 
the same slope as those in Fig. 6. Each curve in Fig. 7, how- 
ever, is slightly below its corresponding one of Fig. 6, because 
those in Fig. 7 represent the results obtained by using super- 
heated sealing steam (t = 700 F) instead of saturated. The 
difference in the energy consumption rate, however, is not large 
especially at high loads, as may be seen from the curves in 
Fig. 8; but these results clearly indicate that there is a slight 
thermal gain by using the superheated sealing steam. Such a 
result is to be expected because a portion of the sealing steam 
leaks into the first-stage shell and there mixes with steam of 
much higher temperature. The tests made with the super- 


13,000 
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Fic. 8 EnercGy ConsumpTIon RATE OF TURBINE-GENERATOR AND 
THREE HEATERS 


(Throttle pressure, 390 lb per sq in. abs; exhaust pressure, 1.0 in. Hg abs. 
Derived from Figs. 6 an 


heated sealing steam are considered merely as supplementary 
ones, since the turbine was designed to use saturated sealing 
steam; hence the tabular data on which Fig. 7 is based have 
been omitted. 

The engine efficiencies, as represented by the curves in Fig. 
9, are plotted directly from Table 3 for Runs 1 to 8 with the 
regulated exhaust pressure. 

These curves show that with steam at 700 F the turbine 
would reach its maximum engine efficiency with a load only 
slightly above 10,000 kw, but that with steam at 1000 F its 
maximum engine efficiency would be attained with an appre- 
ciably higher load—probably 13,000 or 14,000 kw. 

The losses due to radiation and convection from the turbine 
and heaters are given in Table 4 for a load of 10,000 kw. This 
table shows that radiation accounted for about 65 per cent of 
the total amount of heat transferred from the unit. This 
proportion decreased slightly for lower loads until it became 
62 per cent with a load of 4000 kw and steam at 1000 F. For 
this load the total loss by heat transmission was calculated to 
be 192,600 Btu per hr. In no case was this form of loss a serious 
one, because the unit was well insulated. The complete data for 
the observed temperatures and surfaces and the necessary 
calculations involved in the determination of these losses would 
require about 40 times as much space as that given in Table 4 
and could not, therefore, be easily given in this paper. 


ENERGY BALANCE OF THE TURBINE 


% a : An energy balance of a turbine is always of interest and 
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TABLE 4 


RADIATION AND CONVECTION LOSSES FROM TUR- 

BINE AND HEATERS WITH STEAM AT 1000 F AND LOAD OF 
0, KW 

Total, 


Radiation, Convection, 
Btu per hr 


Btu per hr Btu per hr 


High-pressure cylinder and cross-over.... 51,500 40,700 
Low-pressure cylinder.................. 14,500 6,100 
Oth-etage bieeder line... 2,700 2,800 
14th-stage bleeder line................. 21,500 7,200 
17th-stage bleeder line................. 17,300 7,800 
Condensate line from 17th- to 14th-stage 

heaters, lines and pump for heater 

Condensate line from 14th- to 9th-stage 

heaters including pump.............. 9,000 4,000 
Drain line from 14th- to 17th-stage heaters 4,500 2,000 
Drain line from 9th- to 14th-stage heaters. 7,000 3,000 


Line from sealing steam pressure regulat- 
ing valve to shaft packing............ 


value, because it shows at a glance the distribution of the net 


amount of energy supplied to the turbine. Such a balance has 
been prepared for Run No. 1, since this was the one for the 


~ largest load carried, and is for steam at 1000 F. The results 
in Table 5 


show that one-third of the energy supplied to 
the turbine was delivered by the turbine shaft, and two-thirds 
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(Throttle pressure, regulated to equpeninately 300 lb per sq in. abs; exhaust 
pressure, regulated to approximately 1.0 in. Hg abs and saturated sealing 
steam at throttle pressure.) 


were absorbed by the condensing water, the radiation and con- 
vection losses being extremely small. After the energy ab- 
sorbed by the condenser per pound of total flow is found, it then 
becomes possible, by the aid of the other data, to determine the 
state of the steam leaving the turbine. To make this calculation, 
the amount of steam passing to the condenser must be found in 
terms of the total flow to the turbine. 

The weighed water from the hotwell was 71,280 lb per hr for 
Run No. 1; the condensate from the heater drains, as deter- 
mined by an energy balance of the heaters, was 18,430 lb per hr; 
and the amount of steam escaping from the atmospheric vents 
of the shaft packing glands was 185 lb per hr. Since the con- 


denser received only 71,280 lb of steam out of a total flow to the 
turbine of 89,892 lb, the amount of energy absorbed from each 
pound of steam entering the condenser is found, by the aid of 
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(89,892) 

71,280 

the condensate in the hotwell had a temperature of 78 F its en- 
_ thalpy was 46 Btu per lb, and the steam entering the condenser 
must have had a total amount of energy of 1007 + 46 or 1053 
Btu per lb. This total energy is made up of the enthalpy of the 
steam entering the condenser plus its velocity energy. Neglect- 
ing the velocity energy, temporarily, the enthalpy of the exhaust 
steam would then be 1053; and for the known exhaust pressure 
the corresponding moisture would be 4.0 per cent and the specific 
volume, 622 cu ft per lb, which may be used as a trial value to 
find the velocity. Since the area of the exhaust opening was 
34.76 sq ft and the rate of flow to the condenser was 71,280 
lb per hr, or 19.8 lb per sec, the exit velocity would be 19.8 x 
622/34.76 = 354 ft per sec, or 21,240 ft per min. Such a result 
means that the velocity energy of the steam leaving the turbine 
would be 2.5 Btu per lb; and since the total energy of this steam 
has already been found to be 1053, its enthalpy would be 1053 
— 2.5 = 1050.5 Btu per lb. The corresponding value of the 


Table 5, to have been (798.5) = 1007 Btu. Then, since 


TABLE 5 ENERGY BALANCE OF TURBINE FOR GENERATOR 
LOAD OF 10,068 KW AND STEAM TEMPERATURE OF 1000 F 


Btu per lb 


of total flow 
to turbine 


400.0 


Energy distribution 
Energy delivered by turbine shaft. 
From Table 3, 
3413 X Load _ 3413 X 10,068 
(Gen. eff.) X (wa + wd) 0.9558 X 89,892 


Energy lost by radiation and convection 
From Table 4, 


Loss 224,900 
Total flow 89,892 
Energy absorbed by condenser (to balance) ; 66. 


Per cent 
33.3 


Energy supplied turbine.............. 100. 


From Table 3, 
waha + wohb 


wa + wd 


— hy = 1509 — 308 ] 


moisture then becomes 4.2 per cent; and the specific volume 
remains so close to the temporary value previously found that 
additional calculations of the velocity and moisture are not 
necessary. 

Contrasted with this moisture of 4.2 per cent in the exhaust 
of the actual turbine, the steam from the corresponding ideal 
turbine would have 14.3 per cent moisture, as shown by state 
5 in Fig. 5. This difference is due to the turbulence, which is 
created hy the steam in passing through the actual turbine, and 
which could be reduced to some extent by decreasing the exit 
velocity from each wheel. In other words, a larger number of 
stages or an increase in the diameters of the wheels would un- 
doubtedly increase the efficiency of the unit. On the other hand, 
more or larger wheels mean a higher first cost because the tur- 
bine is made of expensive metals, and an economic balance of 
these opposing factors must be considered, even in an experimen- 
tal machine such as this one. 


Loss DUE TO THE SEALING STEAM 


The unusual arrangement of handling the sealing steam used 
for the high-pressure packing may possibly cause a difference 
of opinion as to the most logical method of calculating the loss 
of available mechanical energy produced by the leakage through 
the packing. Since about 90 per cent of the sealing steam is 
finally delivered to the seventeenth-stage heater, the question 
arises as to whether this heater pressure or the condenser pres- 
sure is the proper one on which the throttling loss of this part 
of the sealing steam should be based. If the condenser pres- 
sure be chosen as the proper one, the loss of available mechani- 
cal energy caused by using the saturated sealing steam at full 
load and throttle steam at 1000 F amounts to 4.4 per cent of 
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the total available energy; but if the seventeenth-stage heater 
pressure be chosen as the proper base, the loss is only 2.3 per 
cent. The authors consider the 4.4 per cent to be the more 
logical value for reasons that will now be given. 

If there were no feedwater heaters used, the condenser pres- 
sure would clearly be the one to which all the steam supplied 
the turbine would be expected to expand before leaving the 
turbine. With a regenerative feedwater heating system, all 
the heat delivered to the heaters is supposed to come from 
steam that has delivered some mechanical energy to the turbine 
blades before extraction, and thus an extremely high thermal 
efficiency is obtained from such steam because the bled steam 
rejects no energy to the condenser. The larger the proportion 
of throttle steam that may be extracted from the turbine for 
use in the heaters, the higher will be the thermal efficiency of a 
regenerative unit. On the other hand, when the leak-off from 
the sealing steam is delivered to heat the regenerative feed- 
water heaters, the amount of steam that may be bled from the 
turbine is thereby reduced and thus the advantages of the re- 
generative system are taken away from a certain amount of 
throttle steam that must now pass entirely through the turbine 
to the condenser. Since that part of the sealing steam that 
passes to the heaters delivers no work to the turbine blades, 
the result is not thermodynamically equivalent to that which 
would be obtained with the same feedwater temperature derived 
entirely from bled steam. Consequently the loss of available 
mechanical energy, due to the portion of the sealing steam 
that flows from the packing to the heaters, is calculated as if 
this steam had been throttled to condenser pressure. About 
10 per cent of the sealing steam leaked through the inner shaft 
packing to the first-stage shell, and for this portion the loss of 
available energy is simply that due to the throttling caused by 
passing through the regulator and the inner packing. 


HEATER PERFORMANCE 


The three four-pass feedwater heaters which received steam 
bled from the turbine form part of the complete unit, and the 
data relating to the performance of these heaters, for runs 1 to 
8, inclusive are given in Table 6. Possibly the most interesting 
information obtainable from the table is that pertaining to the 
terminal temperature differences and the rates of heat transfer 
in the heaters. The terminal temperature difference of a foed- 
water heater is commonly taken as the temperature of saturated 
steam corresponding to the pressure of the steam entering the 
heater minus the temperature of the feedwater leaving the 
heater; and this difference is called the “nominal” one in this 
table. The enormous differences between the actual and “nomi- 
nal” values of the terminal temperature difference when highly 
superheated steam is used are clearly shown. 

The last column of Table 6 shows the “nominal’’ over-all 
coefficients of heat transfer for the three heaters for various 
conditions of operation. It should be noted that when highly 
superheated steam is bled to a heater having high water velocity, 
the “nominal” coefficient is surprisingly high, as, for example, 
in the ninth-stage heater in Run No. 1. In this case the steam 
entering the heater was superheated 374 F (717-343), and by the 
usual method of calculation, the logarithmic mean temperature 
difference is only 28.4 F, whereas the actual mean temperature 
difference would be much greater. No general method of cal- 
culating the real mean temperature difference where super- 
heated steam and latent heat are both involved has been 
developed, so far as the authors know, and thus the “nominal” 
values only are given. Regardless of what may appear from 
these “nominal” values, highly superheated steam probably does 
not increase the real coefficient of heat transfer, but does in- 
crease very much the difficulties of determining the actual mean 
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FutTurE PossIBILITIES AND PROBABILITIES 


After examining the test data obtained from an 
experimental machine, such as this 1000-F steam 


as 
NAN AON SOM OMS turbine, engineers naturally desire to interpret such 
as : ZESS results in terms of the future possibilities and proba- 
ego bilities. _ However, in attempting to predict how 
sae Sass good a performance may be expected from a large 
SRS SRL turbine using steam at 1000 F and considering the 
« probability of such a turbine being built in the im- 
mediate future, one must consider a number of fac- 
ses S85 SoS ces Sse are somewhat 
oO a e present time. lus one cannot be certain 
Zz 
-- ee Si how successful future designers may be in reducing 
asa Nes ase cas OF eliminating the loss due to the leakage of steam 
S 3 SHS ANA SRA SAA ARE past the high-pressure shaft packing; but with a 
= arge turbine, say 75,000 kw or more, the possi- 
oS. SON HSS hility of making the high-pressure cylinder of the 
Ra” Fa” double-flow type seems attractive, as such a scheme 
> ° would eliminate this loss entirely. Furthermore 
J 
= S32 233 S88 the elimination of the high-pressure packing glands 
mos £225 8838 222 5528 would counteract the extra length of turbine shaft 
fa required by the double-flow type, and thus the dis- 
< . - tance between the bearings of the high-pressure 
= that required in a single-flow type with long shaft- 
Sas ses The energy consumption rate of a very large tur- 
5 SRS SRV SRS RAL SAR SAZ ANS bine as determined by that of a relatively small 
o .: een one, such as a 10,000-kw machine, is also a matter 
sk ages ODD NOM ANN ONG HA MAD about which there is certain to be a difference of 
358 $88 325 SSeS opinion, because such comparisons are so often 
based on experimental data relating to turbines 
_ Onn oon won com one having many basic differences other than their 
& RAS 82° BRT sizes. The estimate made by the authors has 
a) 5 Es soo already been given in the early part of the paper as 
282 B88 B22 Zee about 9900 Btu per kwhr for 50,000-kw units when 
saz S22 225 operating with steam at 1000 F, 390 lb per sq in. 
CHS SHH ANN CHS Vet ANN 
: awe: = abs, and 1 in. Hg abs exhaust pressure. For a 
oreedt Be 100,000-kw unit this rate might be brought down to 
22S 298 SSS 233 9600 or better; and for 1200 lb per sq in., without 
me reheating, one might expect close to 8600 Btu per 


kwhr. This would mean that the moisture in the 
last stage has reached or exceeded the allowable 
limit set by many turbine engineers, for it would 
be about 12 per cent. If reheating were employed 
with the high-pressure and 1000-F throttle steam, 
the energy consumption rate of the unit might then 
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#3. be brought down to about 8400 Btu per kwhr. 
$ 3 s 8 The estimates previously given are further 
sS ~ 4 strengthened by the evidence furnished by several 


turbine builders in this country, who estimate that 
a 10,000-kw unit with three regenerative feed- 
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- water heaters and designed for throttle steam at 700 F should 
have an energy consumption rate of about 10,860 Btu per kwhr, 
when the throttle pressure is 390 lb per sq in. abs and the exhaust 
_ pressure is 1 in. Hg abs. By referring to Figs. 6 or 7, it may be 
_ seen that such a result is nearly 6 per cent better than that ob- 
: _ tained from the Detroit turbine when operated with steam at 
700 F. This difference is probably due in a large measure to the 
large shaft-packing leakage and possibly to a large interstage 
leakage. Consequently, if a 10,000-kw unit can be built for 
steam at 1000 F and operated without serious leakage, the slope 
; _ of the curves in Figs. 6 and 7 show that such a unit would bave an 
energy consumption rate of about (1.00 — 0.07) xX 10,860 
or 10,100 Btu perkwhr. Then for large units and high-pressure 
steam this rate may possibly be brought down to the figures 
previously given. 

The cost of materials suitable for use with steam at 1000 F 
will probably be materially reduced in the future, if one may 
judge from similar developments of various other metals. As the 
_ development progresses and the production is increased, the costs 
of these materials are almost certain to be greatly reduced. 
_ Then the progress in the use of high-temperature steam will 
be greatly accelerated. 


Discussion 


W. E. Catpwe.u.? The performance and reliability of the 
unit appears to be good and undoubtedly very liberal clearances 
may have been employed for the sake of reliability. The high 
pressure shaft packing leakage of practically all machines and 
= attendant heat waste appears to be an unpreventable evil. 
This is further complicated in certain types of machines requiring 
balance pistons to compensate thrust. In the Detroit machine 
the cooling of the high pressure packing has been elaborately 
_ provided for but it appears that more shaft length has been de- 
voted to this feature than is warranted by the present state of 
the art. Perhaps it is the small size of the machine which makes 
the contrast so pronounced and possibly no greater shaft length 
would be required even for a much larger unit. Essentially, the 
major difference between this turbine and ordinary turbines is 
the shaft packing at the high temperature end and admission valve 
arrangement. The sectional view shown in Fig. 3 does not clearly 
indicate whether the sealing strips are steel inserts or rolled sec- 
tions, or whether they were machined from heavier material. 
it appears that separate sleeves carrying the packing strips are 
on the shaft and it would be interesting to know what considera- 
tions dictated the general design of the shaft packing. In other 
words, if shaft sleeves could be eliminated a slight reduction in 
- packing diameter and consequent leakage would result. The 
_Ljungstrom type of packing which consists of very thin strips 
secured into grooves in the shaft and casing is becoming increas- 
- ingly popular and appears to have much to commend it where con- 
‘ditions will permit its use. 

It would appear that a hydraulic gland seal might have been 
-more advantageous for the final atmospheric seal in permitting 
a reduction in length between bearing centers and for its more 
effective cooling. The supply of saturated steam adjacent to 
the gland of the first stage shell may have advantages even for 
consideration on conventional turbines, since it would simplify 

the usual means of disposing of high pressure packing leakage, 

and it would make available superheated steam for more im- 
portant use in the turbine. In one machine with which the 
writer has had experience, the substitution of saturated steam for 
superheated steam on gland seals, improved starting and operat- 

ing conditions materially by reducing temperature strains and dis- 
3 Research Engr., United Elec. Light & Power Co., New York, 
N. Y. Mem. A.8.M.E. 


var 


FUELS AND STEAM POWER 


* teresting to know the type of construction of the shaft and high | 


FSP-56-8 


489 


tortion of the shaft and the gland box casing. It would be in- © 
pressure end of the machine, that is if the shaft is hollow and 
provided with ventilation opening, and are the disks —;, 
attached or part of the shaft forging. 

In referring to Fig. 9, the efficiencies of the installation are given _ 
for 700 and 1000 F. Inasmuch as the turbine was designed for 
1000 F, its best performance should be expected under onl 
conditions and it would be interesting to know how the curve 
would compare for two similar machines, one designed for 700 F 
and the other for 1000 F. In other words, how much of the 
difference between the two curves is represented by impaired 
blade performance due to reduction in velocity ratios and how _ 
much is due to increase in hydraulic losses from the low pressure _ 
unit? 

The method of measuring steam temperature is simple and — 
practical and sufficiently accurate for work of this kind. The — 
comparative tests shown graphically in the paper reveal such 
small differences that this method of temperature measurement 
should become increasingly popular. 

The bleeding of highly superheated steam for heating feed- 
water invites some speculation as to how far this practice might 
profitably be carried. It would be interesting if the authors 
could indicate the economic limit of temperature above which 
the steam is more efficiently used in the turbine than in the ~- 
heater. 


A. G. Curistie.4 The authors of this paper deserve the 
hearty commendations of all power engineers for their skill and 
energy in carrying out and analyzing the series of tests that form 
the subject of this paper. The problems involved in the deter- 
mination of the heat distribution caHed for a high degree _ ; 
technical ability. Engineers have awaited the publication of 
test data on this 1000 deg. turbine with keen interest. oe 

Both thermal and engine efficiencies are high for this size 
of turbine. The authors point out that the maximum capacity 
of the unit, 10,000 kw, was not sufficient to produce the highest 
thermal efficiency. In view of the leakage of sealing steam of 4.4 
per cent and of the probable increased diaphragm leakages in — 
the turbine due to increased clearances, one may infer that even _ 
better performance than shown by these tests could be secured a 
if leakages were reduced to normal quantities. 

The influence of this high temperature on overall station per- | 
formance may be estimated by assuming an average load of ia 
8000 kw, 6 per cent for auxiliaries, and 84 per cent boiler plant 
efficiency, which results in a station rate of 13,770 Btu per kwhr | 
output. This is an exceptional performance for this size of plant. — 

Little information has been published previously on radiation 
losses from bleeder lines, heaters, drain, and condensate lines. 
The figures given by the authors show that these losses vary 7 
among the different items of equipment but average about 5 
Btu per lb of steam bled at the three heaters. 

The high pressure packing on this unit seems unduly compli- 
cated as it involves the use of two qualities of steam in the tur- 
bine, the 1000 deg. steam at the throttle and a lower degree of 
superheat in the gland. Fig. 8 shows a slight improvement by 
using 700 deg. instead of saturated steam in the glands. One 
may therefore conclude that a simpler gland, designed to permit — 
the steam at full superheat from the first stage to leak outward | 
as in standard turbines and with the same leak-offs to stage — 
heaters as on the present turbine, would result in a shorter, more | 
rugged, and less complicated turbine. The bearing could be kept | 
cool by a water gland through which condensate is circulated — 
and which would prevent any steam from escaping into the — 
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show a slight improvement in efficiency over the present machine. 
Since a shorter shaft would permit lower clearances in the shaft 
packings and diaphragms, this design would lead to still further 
improvements in performance. 

The heat transfer rates with superheat in the bleeder heater 
deserve some comment. About ten years ago the writer was not 
allowed to install bleeder heaters without desuperheating the 
bled steam because the heater manufacturers would not guarantee 
performance with superheat in a heater. They claimed that the 
heat transfer rate with this hot dry steam would be very poor. 
This idea was exploded when tests by Sprague at Pittsburg 
were published. Since then there has been no hesitation about 
using superheat in bleeder heaters. The heat transfer rates in 
the Detroit tests indicate that heat flows at rapid rates even 
with the dry superheated steam. The authors’ predictions of 
future units are intriguing. Their suggestion of a double flow 
unit for the high pressure section has its possibilities but this 
would also lead to double flow low pressure units, resulting in a 
long unit. Possibly improved high pressure packing designs 
may eliminate the need of a double flow high pressure unit. 

They estimate a heat rate of 8600 Btu per kwhr for the turbine- 
generator unit of 100,000 kw with 1200 lb per sq in. abs steam 
pressure, 1000 F and no reheating. If one allows 6 per cent for 
auxiliaries and 86 per cent boiler efficiency, the station heat rate 
would be 10,600 Btu per kwhr which is an excellent performance. 
If one stage of steam reheat were used at the cross-over between 
high and low pressure cylinders, this would result in a station 
performance of 10,400 Btu per kwhr which, with 13,600 Btu 
per lb coal, represents a coal consumption of only 0.766 lb per 
kwhr. This performance practically equals that of a Diesel 
engine and approaches the results published for the mercury- 
steam stations. Quite evidently high steam temperatures offer 
possibilities of still further improvements in steam station 
performance. 


M. K. Drewry.' This paper, and its companion® by P. W. 
Thompson and R. M. Van Duzer, contain a wealth of informa- 
tion for which many in the power industry are undoubtedly 


very grateful. Advancing into the 1000 F temperature field 
was certainly more difficult than was the elevating of steam 
pressure from 600 to 1200 lb per sq in. The Detroit company 
has aptly pioneered into a region requiring exercise of greater- 
than-ordinary skill. 


A. M. Greene, Jr.’ Those in the profession who are con- 
nected with power-plant machinery, as builders, operators, or 
teachers, owe a special debt of gratitude to the authors of this 
paper for the clear statement of the problem and for the original 
data which they have supplied. I feel that we are indebted also 
to The Detroit Edison Company for their willingness to enter 
into this new field of high temperature for the purpose of im- 
proving their own cost of production and at the same time giving 
to all of us quantitative knowledge of the value of these high 
temperatures. It takes broad vision of the future to authorize 
an expenditure of money for investigations into regions beyond 
which we have not gone in commercial practise, and I for one 
wish to express my appreciation of what the company and the 
authors have done for us all in extending their investigations. 

In looking over the energy balance of the turbine I note 
that 4.2 per cent of moisture was present in the exhaust in place 


5 Asst. Chief Engineer of Power Plants, Milwaukee Elec. Ry. & 
Light Co., Milwaukee, Wis. Mem. A.S.M.E. 

6 A.S.M.E. Trans., 1934, paper FSP-56-9. 

7 Dean, School of Engineering, Princeton University, Princeton, 
N. J. Mem. A.S.M.E. 


of 14.3 per cent on the isentropic line from the initial -point. 
Of course this difference is due to the so-called reheating factor 
which occurs in all of the stages of the turbine, and I drew upon 
the Mollier chart of Keenan the line passing through the various 
qualities and pressures given for the extraction steam in the 
various stages of the feedwater heaters. Since this steam is 
largely in the superheated region the curve of initial condition in 
two particular stages can be drawn from the data, and in this 
way the thermal efficiency of the various stages might be worked 
out. 

The curve as drawn is not continuous but has a reverse curva- 
ture near the point corresponding to the seventeenth stage. 
I think this is due to the fact that these conditions at the ninth 
and seventeenth stages are occasioned by mixtures of sealing steam 
and turbine steam; whereas, the conditions in the condenser and 
the heater using steam from the fourteenth stage are really 
steam-turbine conditions. The employment of so much sealing 
steam prevents one from determining from the data furnished 
in the paper the exact conditions within the turbine casing. 

The curves extending into the region of 1000 F steam, included 
in the paper, are of much interest and value to the teacher of 
heat engineering as they give actual plotted points and indicate 
the gains in efficiency or the reductions in energy consumption 
to be expected with increases in superheat. 


P. H. Harvie.’ The writer wishes to congratulate the authors 
on the presentation of such valuable experimental data. The 
Detroit Edison Company is noted for its pioneering work and 
this latest research into the region of high temperature steam is 
especially noteworthy. 

Ample discussion of the improvement obtained by increasing 
the steam temperature will undoubtedly be given by turbine 
and power plant designers. There are, however, many other 
points of interest in this paper. 

The computation of the engine efficiency of a regenerative 
unit based on an ideal unit having a finite number of heaters 
will probably be new to many engineers, although this method 
has been advocated by Professor Ellenwood for some time. This 
paper offers an excellent way of illustrating its usefulness, and 
should serve to encourage its use. 

The authors should be commended for using the more correct 
term “energy consumption rate” instead of “heat consumption 
rate” or “heat rate.” 

No doubt the authors have a good reason for reporting effi- 
ciencies, energy consumption rates (Table 1) and loads to one 
one-hundredth of one per cent, and exhaust pressures to one one- 
thousandth of an inch. In view of the accuracy, however, with 
which the measurements were made this would seem to be a 
departure from accepted practise. 

It would be interesting to know why the heater condensate 
was computed instead of weighed, since to have weighed it 
would not have required extra weighing equipment or test 
personnel. This could have been accomplished by combining 
the heater condensate with the condenser condensate and the 
total weighed. Such a procedure would have required only a 
minor piping change, and would have given a steam consump- 
tion, exclusive of incidental drips and atmospheric leakage, with 
an error less than +0.2 per cent instead of +1 per cent as re- 
ported. This would have necessitated passing all the con- 
densate through the seventeenth-stage heater, but the correction 
for the change in the condensate circuit is very small and easily 
computed. This procedure was used successfully by the Brook- 
lyn Edison Company several years ago when first making ac- 
ie 8 7” Engineer, Research Bureau, Brooklyn Edison Co., Brooklyn, 
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ceptance tests on the regenerative cycle. For the tests on the 
last four units installed in the Hudson Avenue Station closed 
volumetric tanks were provided to measure the hot heater 
_ condensate. These tanks discharged into the same dump tank 
as the condenser condensate, where the two mixed before being 
pumped through the low pressure heater. 
Very little is said in the paper about the measurement of the 
electrical output. Since this is one of the two most important 
_ measurements more elaboration on the electrical measurements 
would be interesting. Were panel board type meters or rotating 
standards used? 


Francis Hopexinson.’ This paper is of interest because 
it describes the performance of a steam turbine operating com- 
mercially at the highest temperature yet recorded except for 

_gas-driven superchargers in connection with internal-combustion 
engines. However, temperatures of this order or higher with 
extremes of reheating to approach an isothermal expansion were 
attempted with a steam turbine by Ferranti some thirty years 
ago. The attempt failed because suitable materials were not 
available. For example, Ferranti constructed his cylinder of 
Cast iron. 

It must be recognized that the physical dimensions of the 
machine described by the authors are small, that difficulties 
because of temperature increase with the size of structure and 
I would question the wisdom of adopting 1000 F for 1800 rpm 
machines of 50,000-kw to 100,000-kw capacity, concerning 
which the authors make some prognostications. Furthermore, 

considerably better heat consumption rates are to be secured 


If a temperature difference of 10 F is assumed at the saturation 
point of the steam, it is found from Table 6 that the mean hyper- 
bolie logarithmic temperature difference for run No. 1 is as 
follows: 

In condensing the In absorbing the 
steam, F superheat, F 
33.2 101.6 
32.3 80.1 
43.2 57.1 


9th-stage heater 
14th-stage heater 
17th-stage heater 


The verification of the predictions of the designer and the 
true heat transfer rates cannot be calculated without knowledge 
of the temperature difference at the point where the steam be- 
comes saturated and the amount of heating surface above and 
below this point. 

In a given case, it might be possible to explore the steam 
space of the heater and determine, approximately at least, the 
point at which the steam becomes saturated, but it would be 
well nigh impossible to measure the feedwater temperature at 
this point. 

It would seem, therefore, that designers’ predictions as to 
respective mean temperature differences and heat transfer rates 
cannot be verified and that verification can only be made of 
quantity of feed and of extracted steam, and entering and leaving 
temperature, and that any tabulations of terminal temperature 
difference, mean temperature difference, and heat transfer rates 
following a test of this character are meaningless. 


H. E. Keeer.'® After reading this paper, ‘““The Thermal 
Performance of the Detroit Turbine Using Steam at 1000 F,” 


than the speculation of the authors for larger machines by 
7 means of lower total temperature, say 850 F, but by employing 
much higher pressure and reheating. It is not clear that any 


by W. A. Carter and F. O. Ellenwood, the writer is of the belief 
that the first and most important part of any discussion will be 
to congratulate the authors most heartily on the very excellent 
character of their paper. 


_ material increased capital cost need be incurred by such a 


method. 

Concerning the feedwater heaters, the authors remark that 
no general method of calculating performance, when both super- 
heated steam and its heat of evaporation are involved, has been 


-aecepted. In this they present a problem. Inasmuch as ex- 
traction feedwater heaters will be supplied as a rule in modern 

practise with superheated steam, a method of determining their 
actual performance is desired. 

In Table 6, the authors express a terminal temperature differ- 
~_ ence for the whole heater based in one column on the temperature 
of saturation of the steam and in another on the actual tem- 

perature of the admitted superheated steam. They base the 
heat transfer rate on the saturation temperature of the steam 
_ when actually highly superheated steam is introduced into the 
heater. All three of these expressions seem meaningless. 

The designer of heaters for this service must regard them as 
comprising two separate elements, in which the functions are 

entirely different. In the first element, the steam is condensing 
and therefore remains at constant temperature; in the second 
element, the steam falls in temperature from that of the admitted 
superheated steam to that of saturation. 

At some point in the steam path, the steam becomes saturated, 
at which point it is reasonable to expect there would be a low 

terminal temperature difference, certainly not exceeding 10 F. 
With knowledge of the quantity and temperature of ingoing 
feed and an assumption for the terminal difference at saturation 
of the steam, the lower-temperature portion of the heater may 
be proportioned and the quantity of extracted steam readily 
calculated. There then remains some further heating of feed 
due to the heat in the superheat of that quantity of steam, for 
which additional surface must be provided. 
~ * Consulting Mechanical Engineer, Westinghouse Elec. & Mfg. 
Co., Philadelphia, Pa. Mem. A.S.M.E. 


It is rather reassuring to know that the conclusions drawn 
are based on so many tests and that they are so consjstent among 
themselves. Also the fact that the entire unit had seen a good 
many hours service previous to and during the long period of 
testing is a point of much importance. The hazard of publishing 
premature and incomplete data has been entirely avoided here. 

It is evident that, apart from the main problem of converting 
as much of the available energy in the steam into electrical energy 
as is possible, a vast amount of data is available on the behavior of 
metals under continued high temperatures and fairly high pres- 
sures; also that a great amount of data is available on heat- 
transfer under conditions of steam temperature which, at the 
present time, are rather unusual. Creep-stress and the growth 
of metals have been carefully studied and, as a result, there is 
undoubtedly available a wealth of valuable data. 

The test results are particularly timely right now because 
they can be studied simultaneously with the latest economy 
achievements of the mercury-steam cycle. 

Past history shows that most developments at some time will 
show a sudden and distinct advance in some particular direction 
and every one will then focus his attention along the same general 
line of endeavor, whereas it would have been much better 
had there been many independent lines of attack progressing 
simultaneously. 

With the fact staring the power engineer in the face that he 
is now much nearer the “end of the trail,” with respect to con- 
version of heat into electrical energy, than he has ever been before 
and that he is now awaiting further metallurgical developments 
to permit him to use higher and higher pressures and tempera- 
tures it makes us all turn attention more than ever to the possi- 


10 Professor of Mechanical Engineering, University of Michigan 
Ann Arbor, Mich. Mem. A.S.M.E. 
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bilities of converting the potential chemical energy of a fuel 
more efficiently and directly into electrical energy. 

Is it not time to consistently devote time and effort to a search 
for more efficient energy conversion methods on a scale at least 
moderately comparable to the present expenditure of both of 


these along the lines of improvement of the existing and possible 


power-plant cycles? 

At present our only fairly efficient, large-scale method of 
converting the potential chemical energy of a fuel into electrical 
energy is by the following route: 


1 Convert the chemical potential energy of a fuel into heat 
by the process of combustion 

2 Transfer this heat to a suitable elastic working substance 
which can undergo a pressure-volume change 

3 Allow this elastic working substance to undergo a pres- 
sure-volume change in a heat-utilizer and produce me- 
chanical work such as the rotation of a shaft 

4 Convert this mechanical work available from a rotating 
shaft into electrical energy by driving an electric 
generator. 


In scanning these items it is seen that if the pressure feature 
of Item 3 could be eliminated, we could go with available ma- 

terials to very much higher temperatures than we do at present. 
__In view of all this would it not be desirable to focus the atten- 
tion of mechanical and chemical engineers, chemists, and physi- 
cists to a much greater degree, on the specific problem of finding 
a new method for the conversion of the potential chemical energy 
of a fuel into electrical energy, than has been done to date and 
to provide funds for supporting this line of research on a scale 
comparable to the development of existing steam and mercury- 
steam cycles? 

Reference to Item 2 brings attention to the steam-generating 
equipment which we must recognize as a very efficient assemblage 
of heat-transfer apparatus but unfortunately a great destroyer 
of available energy. This element also could be conceivably 
eliminated by more direct and efficient energy conversion 
methods. 


W. S. Monroe.'! This paper is very interesting as it repre- 
sents the only test data obtained at such high steam tempera- 
tures, and the experience gained in the operation of this unit 
will be of great value for future design of larger units to operate 
at these high steam temperatures. 

Before discussing the technical side of the paper, a few words 
about the nomenclature used may be in order. It is common 
practise among power plant engineers to speak about adiabatic 
expansion as representing the theoretical maximum energy 
which could be obtained, but when it is called “isentropic” 
expansion, the average engineer is just a little bit baffled and 
wonders if this means something different, and is happy after 
a while to find that it is just another name for his old friend 
“adiabatic expansion.” He is also familiar with the term “heat 
content of steam and feed water,’”’ and hesitates for a moment 
when confronted with the term “enthalpy” until he finds that 
in this case it really means heat content. Finally, his old ac- 
quaintance “the heat rate’’ has been called “energy consumption 
rate,”’ all of which causes a slight confusion for the practical 
engineer as he wonders about the necessity of these new words 

in this particular case. 
_ The most interesting part of the paper is that which deals 
with the method used for gland sealing as it was found necessary 
to use saturated steam for this purpose. We agree with the 
authors’ statement that in a larger turbine the amount of sealing 
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steam could be reduced considerably below the 6.5 per cent 
determined for this turbine in relation to throttle steam. 

It is stated in the paper that the thermal performance of 
turbines and turbo-generators may be expressed in thermal 
efficiency, heat rates, and engine efficiencies. Of these, the 
heat rate and overall thermal efficiency of the turbine and 
heaters are determined directly from the test data as it requires 
only the determination of total heat supplied to the turbine, 
minus credit for the heat returned in the condensate from the 
last heater, and the total kw load generated. These figures 
represent the overall performance of the turbo-generator with 
heaters, and can therefore not be used for direct comparison 
with any other machine, even if the pressure and temperature 
were the same, as the heater arrangement might differ. As 
stated in the paper, the engine efficiency is the only term which 
expresses the perfection of the engine (turbo-generator). 

The actual heat rate has been compared to a theoretical cycle 
which assumes no thermal difference in the heaters, no pressure 
drop in extraction piping and return of heater drains directly 
without cascading to the next heater, as in the actual installation. 
This method charges the turbo-generator with all of these losses, 
and the engine efficiency calculated on that basis is therefore 
not an indicator of the efficiency of the machine alone. A 
simpler way of doing this, and one which is commonly used, is 
to determine the theoretical work which could have been done 
by the turbine with the actual throttle flow and actual extraction 
quantities. This is obtained by multiplying the adiabatic 
heat drop between the throttle and the different extraction 
points by the amount of steam which flows through each section 
of the turbine. This method is more universal, as it also applies 
in cases where steam is extracted for other purposes than for 
feed heating. The engine efficiency is then obtained as the ratio 
between the actual kwhrs produced expressed in heat units 
divided by the theoretical work, which could have been done 
with adiabatic expansion, as explained above. 

Regardless of which of these methods is used for the determi- 
nation of engine efficiency, the effect of gland leakage on engine 
efficiency becomes a separate problem due to the fact that the 
gland steam is admitted separately and has a different heat 
content than the throttle steam. In this particular case, (Run 
No. 1), it amounts to 6.5 per cent of the throttle steam, and is 
therefore of considerable importance. It would seem that the 
simplest way of including this steam in determining the engine 
efficiency would be to charge all of it to the throttle steam; 
but instead of using the actual amount of sealing steam, use 
an equivalent amount corrected for the difference in heat content 
of the two steam supplies. For test Run No. 1, the factor 

1206 — 48 
representing the difference in heat content would be — —_— = 
1529 — 48 
0.78. On this basis the engine would be charged with 5444 xX 
0.78 = 4250 lb per hr (sealing loss), added to the throttle flow. 
By deducting the amount of extraction at each bleed point, the 
theoretical flow through different sections of the turbine can be 
determined from this figure. If the actual blade efficiency of the 
turbine is desired, the gland steam would have to be divided 
into different parts, and each part considered in connection with 
the turbine section where it flows. The report does not give 
all extraction quantities separated from gland leaks, so we have 
not been able to compare the two methods. 

In calculating the ideal cycle, the paper assumes that all 
sealing steam mixes with the throttle steam, and the performance 
given in Table 2 has been based on the mixture. This does not 
seem to be justified as the temperature of the mixture will be 
968 F, while the actual turbine was working on 1003 F. The 
adiabatic drop between throttle conditions and the condenser 
is 1529 — 951 = 578 Btu per lb (Run No. 1), while the adiabatic 
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drop from the assumed mixture condition is 1509 — 945 = 564 
Btu. The actual turbine, therefore, was working on an adiabatic 
heat differential of 578 Btu, while the theoretical cycle used in 
determining engine efficiency has been based on 564, or a differ- 
ence of 2.4 per cent. This makes the efficiency of the ideal 
cycle, as shown in Table 2, lower than if based on the actual 
throttle temperature. The assumption of mixing the gland 
sealing steam with the throttle steam is questionable, particularly 
as only '/,9 of the sealing steam enters the turbine at this pressure. 

The difference mentioned above is slightly offset by basing 
the ideal cycle on heater performance without terminal difference 
and friction loss in extraction piping. 

Under the discussion of the test data it is mentioned that the 
engine efficiency at 1.8 in. Hg absolute condenser pressure is 
81.5 per cent, and with a condenser pressure of 1 in. it was 79.5 
per cent, or 2 per cent difference. This difference is attributed 
to velocity loss from the wheels in the low pressure region. We 
are inclined to think that this difference is more a difference in 
test figures as the paper shows later that the entire leaving loss 
is 2.5 Btu, or only 0.5 per cent of the adiabatic drop. 

It is stated that the test results of 10,730 Btu per kwhr is 
used as a basis of estimating the performance of a 100,000-kw 
turbine operating at 1200 lb per sq in. and 1000 F with reheat, 
and for which 8400 Btu per kwhr is indicated. This estimated 
figure is not really derived from the test figures—as shown in 
the paper which is calculated on basis of present day knowledge 
of turbine Rankine efficiency for larger machines and steam 
tables. The spread between heat rates at 390 Ib per sq in. 
and 1000 F, for a 10,000-kw turbine, and 1200 lb, 1000 F, for 
a 100,000-kw turbine, in the above case, approximates 22 per cent. 

We agree that the calculated figure of 8400 Btu per kwhr is sub- 
stantially correct. It may be of interest in this connection to 
mention that tests on a 105,000-kw turbine operating at 600 Ib 
per sq in. and 725 F throttle temperature and 750 F reheat, 
gave a heat rate of 9400 Btu per kwhr, which, when corrected to 
1200 lb per sq in. and 1000 F approximates 8200 Btu per kwhr, 
or 13 per cent correction from test basis. 

In closing this discussion of the thermal performance we 
want to emphasize the valuable contribution made in design, 
operation, and test of this turbine, as it points out some of the 
mechanical difficulties which have been encountered. The 
adoption of higher pressures and temperatures is not today 
retarded by lack of information as to expected efficiencies, but 
mainly by uncertainty as to mechanical complications, operat- 
ing trouble and outage of equipment, coupled with higher equip- 
ment cost. 


S. A. Moss.!2. The figure of 1000 F with which the authors 
of the paper have been working, of course, represents quite an 
achievement. However, turbines are being successfully operated 
at even higher temperatures. It is true that these turbines 
are very small, and that the development is very minor as com- 
pared with that which the authors describe. Nevertheless, 
this development does show what can be accomplished in the 
way of securing materials to withstand high temperatures and 
gives evidence that temperatures such as those used by the 
authors will perhaps be commonplace in the coming years. 

The turbines alluded to are those used on superchargers for 
airplanes, and are driven by the airplane engine exhaust gases. 
These are in moderate use on airplanes, and have also been 
operated quite extensively during ground tests. The tempera- 
ture of the exhaust gases entering the turbine nozzles has been 
1400 to 1500 F. The turbine buckets are, of course, bright red. 
They are often operated without a casing, and present a very 
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interesting sight in a dimly lighted room. The wheels have a 
pitch diameter of about 9 in. and operate at speeds of from 
between 20,000 and 30,000 rpm. 

A number of alloys have been found suitable for use in these 
buckets. These alloys have not only to withstand stress at 
high temperature, but also to withstand the corrosive effect of 
Tetra-Ethyl Lead, so that they are more expensive than alloys 
suitable for the work of the authors. 

During research tests on this apparatus, a line of 8 in. pipe 
was used, about 30 ft long. This pipe was, of course, a glowing 
red throughout its length. The pressures which have been used 
are much lower than those used by the authors of the paper. 
However, with proper thickness of pipe material and with proper _ 
tensile strengths at the temperatures involved, pressure would | 
not create an appreciable problem. The lengths of pipe were 
turned up at the ends to give a slight flange on which a metal 
to metal joint was made. Very heavy separate steel flanges, _ 
with a proper number of bolts, were used to keep the two pipe 
ends together according to the well known Van Stone system. 
Several different materials have been used for these pipes and 
all have been found suitable. ; 

No long-time tests have been made in any of this work to show a 
the effects of creep. However, this work does give some idea 
of the many possibilities ahead of us in the use of high tem- — 
peatures. 


F. H. Rosencrants.!*!4 First of all, the writer wishes to 
commend the Detroit Edison Company and its engineers for 
the tremendous stride which their efforts represent toward the 
attainment of simplicity of design, construction and operation © 
in our future steam plants. The results thus far attained point 
the way to the development of plants operating on the simple — 
straight-through cycle having an efficiency equal to and perhaps 
ultimately exceeding that now attained by the more complex 
and expensive high pressure reheat installatiens. 

The unostentatious manner in which they have undertaken 
the work and the absence of any mystery associated with it 
since the beginning, gives a dignity to the undertaking which _ 
inspires admiration for those responsible and a confidence in 
the results attained. 

The authors conclude from their experiments that though a _ 


1000 F plant is at the present time physically practical, it is not 
to be recommended at the moment on account of the high cost 
of the materials essential to its construction. Plants at the 
moment operating at 860 F are pretty well established in this 
country without the vse of expensive materials. With the two 
limits, namely 860 F established by practise and 1000 F at the 
upper limit which is stated to be physically practical but not — 
economically sound, the question arises as to what is imme- 
diately practical without running into excessive cost. Certainly 
it is something above 860 F. 

With modern facilities for flash welding together alloy tubes ; 
and steel tubes having widely different physical characteristics, 
superheaters may be constructed at moderate cost for an outlet 
steam temperature of considerably above 900 F. Furthermore, 
alloy steels suitable for superheater headers and piping at tem- 
peratures something above 900 F are available at moderate 
increases in price above steel tubing. Assuming that the turbine 
builders are willing to accept 900 F or perhaps a little more for 
large size units, there appears to be no obstacle at the present 


13 International Combustion Engrg. Co., New York, N. Y. Mem. 
A.S.M.E. 

14 This discussion applies jointly to this paper and the companion © 
paper, ‘High Temperature Steam Experience at Detroit,” by P.W. | 
Thompson and R. M. Van Duzer, Jr., A.S.M.E. Trans., 1934, 
paper FSP-56-9. 7 
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moment in the way of construction for at least 900 F at the 
turbine throttle. 

It appears to be the consensus of opinion, however, that 900 F 
to 1000 F is getting beyond the limit for satisfactory flange joints. 
Welded joints are an essential requirement. Considering the 
extensive use of welded joints at the new steam plant of the 
General Electric Company, at the new extension to the Kearny 
plant of the Public Service Electric and Gas Company, New 
Jersey, and the examples of electric welding referred to by the 
authors, it would seem that the art of electric welding as applied 
to piping promises to keep pace with requirements. 

A temperature of 900 F will permit an operating throttle 
pressure of around 800 lb per sq in. without running into exces- 
sive moisture at the turbine exhaust. Assuming 800 lb throttle 
pressure, the boiler design pressure would have to be approxi- 
mately 900 Ib. The boiler drums for such a pressure, assuming 
70,000 lb steel, may be made by the electric fusion welding proc- 
ess. Prior to the adoption of 70,000 lb steel, such a pressure, 
particularly in a bent tube type of boiler, would have required 
forged drums, at a considerable increase in cost above what is 
now possible. 

It appears that we are all set for the 900-F steam plant based on 
present-day developments. The rate and extent to which we 
may progress from this point continues to be a matter of ma- 
terials and cost of construction. 


AutTHors’ CLOSURE 


The authors appreciate the commendation accorded by the 
discussers, because special effort has been made during all the 
work to secure reliable information and present it accurately, 
both as to data and form of expression. 

Mr. Caldwell mentions the possibility of securing better re- 
sults by means of a water seal on the low-pressure end of the tur- 
bine instead of using the steam seal; this point seems well taken, 
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as far as the authors are aware, and undoubtedly the hydraulic 
form of seal would be satisfactory. 

As the details of the high-pressure shaft packing are not shown 
clearly in Fig. 3, Mr. Caldwell’s misunderstanding of the con- 
struction is not surprising. Figs. 10 and 11 are introduced to 
show some details of the three sections of this packing. The 
packing rings consist of internally serrated segments fitted into 
T- or L-shaped grooves in the packing casings. A leaf spring 
holds each segment in position toward the shaft sleeve and against 
the shoulders of the groove. Although the use of the sleeves re- 
quires larger bores for the packing rings, and therefore increases 
the leakage, their use is desirable as they provide renewable sur- 
faces on the shaft that can be replaced if damaged by packing 
abrasion. The clearances between the packing rings and the 
sleeves varied from 0.007 to 0.009 in. when the measurements 
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were taken with the turbine at room temperature. These 


clearances were somewhat larger when the unit was at operating 
temperature. 

It may be possible that some other type of packing might 
provide an adequate shaft seal for the high-pressure end of the 
unit at a lesser expenditure of sealing steam. 

The question raised by Mr. Caldwell regarding the economic 
limit of steam temperature above which bleeding should not 
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occur is an interesting one and involves so many factors that it 
cannot be treated appropriately in this discussion. 

Professor Christie’s suggestion of a short, less-complicated 
gland design, wherein high-temperature steam would leak out- 
ward from the first stage and the shaft would be cooled by a 
water seal, seems to be a satisfactory arrangement, providing 
severe stresses are not induced in the shaft or casing. 

Any curve drawn through points representing the steam con- 
dition in the extraction heaters is misleading and, as mentioned 
by Professor Greene, does not represent the true steam condition 
in the turbine casing, because high-pressure shaft packing leak- 
off steam enters the 9th- and 17th-stage extraction lines and af- 
fects the enthalpy of the steam mixture entering these heaters, 
thus producing such an incongruous curve. A reasonable steam 
condition line has been obtained by plotting data taken at the 

_ turbine casing and shows no reverse curvature. 


It is especially gratifying to note that Mr. Hardie approves 
of the authors’ method of calculation of the engine efficiency of 


the regenerative unit and the use of the term “energy consump- 
tion” in place of the less-accurate one, “heat consumption,” 
when dealing with any kind of steam engine. 

The efficiencies, the energy consumption rates, and the loads 
were reported to one one-hundredth of one per cent as a result 
of using calculating machines in making the computations from 
the original data which were not rounded off. These results 
undoubtedly should be rounded off to the nearest one-tenth of 
a per cent when considering them as actual values, but should be 
used as reported when checking the calculations. 

The authors agree that it would have been better to have re- 
ported the exhaust pressures in one one-hundredths of an inch. 
The mercury column was capable of being read to one one-thou- 
sandth of an inch and the corrections applied for calibration error, 
temperature variations, and meniscus height were to the same 
fineness. But the uncertainty of the pressure at the mercury- 
column pipe connection at the turbine exhaust being representa- 
tive of the average exhaust pressure does not warrant reporting 
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the exhaust pressure closer than one one-hundredth of an inch. 


+a 


It would have been much more convenient to have weighed 
the condensate from the heater-drains along with that from the 
condenser hotwell than to have calculated it from the energy 

_ balance of the heaters, as was actually done. Such a scheme was 


- amount of water flowing through the low-pressure heater and a 
greater amount of steam extracted by this heater than was con- 


templated when the performance of the unit was predicted. Al- 


to introduce such a requirement. 

In answer to Mr. Hardie’s final question, it should be stated 

that the electrical output was measured by a combination of in- 
‘strument transformers and a switchboard-type kilowatthour 
meter which had a special register gear train that gave an un- 
usually low multiplier of 100. The instrument transformers 
were calibrated previous to the tests and the kilowatthour me- 
ter was checked against a rotating standard frequently during 
the tests. 

Mr. Hodgkinson points out that the difficulties of using high- 
temperature steam may be expected to increase when attempt- 
ing to build units of large capacity—say 100,000 kw; his opinion 
is undoubtedly based on extensive experience, and is therefore 
_ of great value when considering the design of such units. Whether 
the thermal economy and capital costs of plants of the future 
_ willsupport the continued use of reheating systemis or will be con- 
_ducive to the development of materials suitable for steam of 
_ sufficiently high temperature to avoid reheating, is a big question 
that cannot be fully answered, probably by any one, at the pres- 
ent time. 

Mr. Hodgkinson’s comments regarding the feedwater heaters 
are largely approved by the authors. However, Table 6 con- 
tains information pertaining to actual terminal temperature dif- 
- ferences, which is not ‘‘meaningless,’”’ but of considerable im- 
_ portance when considering the use of highly superheated steam 
in feedwater heaters. In such cases the actual terminal tempera- 

ture difference is far greater than that obtained by the usual 
- aa of calculation. Furthermore, the values given in Table 
_ 6 under the heading of ‘“‘Nominal Overall Coefficient of Heat 
Transfer” may possibly prove to be of considerable value, be- 
cause they serve to call the attention of engineers to an unsolved 
problem in such cases. The word “nominal” is not fully ex- 
pressive of the conditions involved; but it serves, in lieu of a 
ete one, as a sort of red flag to warn the engineer that he is 
here confronted with a difficult problem because the real mean 
temperature difference in such a heater is not easily obtained. 
The comments of Professor Keeler are very stimulating; but 
the authors prefer not to offer, at least during the present de- 
pression, any suggestions as to how we may successfully convert 
the potential chemical energy of a fuel directly into electrical 
energy and thereby justify scrapping all our steam power plants. 
Mr. Monroe questions the “necessity’”’ of using some of the 
nomenclature employed in the paper. Such matters are gen- 
erally decided on the basis of preference rather than necessity, 
and in the present case the authors used the terms that they con- 
sidered most suitable, because they believe that a greater degree 
of exactness is expressed by them. Thus, for example, the term 
“isentropic” is preferred to its equivalent, “reversible adia- 
batic,” because the latter is too long and the word adiabatic by 
itself is incomplete. The word adiabatic alone simply means 
no heat transfer, and does not by itself convey any meaning as 
to whether the process is turbulent or not. Thus the expansion 
of a fluid through an insulated throttling device of any kind would 
be an adiabatic, but the large amount of turbulence produced 
would cause the entropy to increase; hence such an adiabatic 
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would not be an isentropic, or a constant-entropy process. On | 
the other hand, the flow of steam through a nozzle, or any other 
device, would be an isentropic if the flow took place without any _ 
turbulence and without any heat transfer. ; 

The term “enthalpy” has been used rather frequently during © 
the past few years by many authors in place of “heat content” — 
or “total heat” because both of the latter terms are likely to con- 
vey a misconception due to a former use of the terms in a slightly 
different sense and also due to the basic significance of the words. — 
As now used, the term “enthalpy,” “heat content,” or “total 
heat” of a fluid means the sum of its internal energy plus the 
product of its pressure and volume. The authors consider the 
term “enthalpy” far from perfect; but it certainly has the merit 
of creating no misconception and that much can never be said 
for “total heat” or “heat content.’”’ Let us hope that we may 
eventually obtain for this important energy term a word that 
is more suitable than any of the three now in use. 

In the original paper the word “unit” is defined to include the 
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turbine, generator, and heaters; hence the method used to de- 
termine the engine efficiency of such a unit is believed by the 
authors to be the correct one. The method of determining the 
engine efficiency of the turbine-generator, as suggested by Mr. 
Monroe, is not without merit; but the losses of available energy 
that occur between the heaters and turbine cannot be separated 
into parts some of which are charged to the turbine and others 
to the heaters. The regenerative unit is a combination of tur- 
bine and heaters that are operated together and also tested to- 
gether; hence the authors believe that such a unit should be 
compared with a corresponding ideal, as defined in the paper. 
Furthermore, this method of testing such a unit requires only 
the additional measurement of the pressure at each of the bleed- 
ing points of the turbine, whereas the method suggested by Mr. 
Monroe requires the additional and troublesome measurement 
of the actual quantity of steam bled at each extraction point. 
Possibly the authors should have mentioned in the original 
paper that they considered very carefully three different methods 
of making the calculations of the ideal cycle corresponding to 
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this turbine, which has two different sources of steam supplied 
to it. The method chosen, however, is relatively simple and 
gives results that differ from a more complicated one by about 
0.5 per cent, a difference that is within the limits of error in the 
test data. One should note that any true calculation of the ideal 
cycle corresponding to this turbine must consider the available 
energy from both sources of steam, that are far different both as 
to quality and quantity. Just because the ideal turbine has no 
leakage, one should not ignore the energy available from the 
actual amount of sealing steam supplied to the actual unit. 

For example, consider the state of the throttle steam supplied 
for Run No. 1, to be represented by a in Fig. 12, and that of the 
sealing steam by state b. Then, for this run having wa =, 84,448 
and wy = 5444 lb per hr, the total available energy (ignoring all 
bleeding to simplify the example) becomes 


Wa (ha he) + wo (ho ha) 
= Wa (1529 — 951) + ws (1203 — 800) —— 
= 84,448(578) + 5444(406) 7 
48,800,000 + 2,210,000 = 51,010,000 Btu per hr 


Hence the real available energy (neglecting bleeding) from the 
two amounts of steam used by the turbine, becomes 51,010,000 
+ (84,448 + 5444) = 567 Btu per lb. This result is only 0.5 
per cent greater than 564, which is the value of A, — hs, where 
subscript 1 represents the state of the mizture, as calculated in 
the paper. In other words, the throttle-mixture method used 
in the paper invelves an error of only 0.5 per cent instead of 2.4 
per cent as given in Mr. Monroe’s discussion. He apparently 
failed to consider any of the low-temperature steam used for 
sealing in his calculation of the ideal cycle, and naturally he ob- 
tains a cycle efficiency that is too high for comparison with this 
turbine that is supplied with two kinds of steam. 
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Regarding the two per cent higher engine efficiency obtained 
when a condenser pressure of 1.8 in. Hg abs was used instead of 
1 in. Hg, the authors still believe, as stated in the original paper, 
that this difference is mainly due to the losses caused by the extra 
moisture and exit velocities resulting from the lower exhaust 
pressure. Naturally, a small part of the difference may be due 
to the test data, but additional check runs have confirmed the 
original figures. 

The comments of Dr. Moss regarding the use of gas-turbine 
buckets at a bright-red temperature are very interesting, and 
possibly indicate what may some day be attained with large 
steam turbines. 

Mr. Moultrop'® has mentioned a number of interesting points 
that must always be considered in connection with high-pressure 
and high-temperature steam. His extensive experience in such 

matters makes his comments especially significant. 

- The authors note with much interest that Mr. Rosencrants 

_ believes the use of higher steam temperatures is rapidly becom- 
ing more feasible because suitable materials and good welded 
joints can now be made at a reasonable cost. 

The comments of Mr. Soderberg'® are valuable to power- 
plant engineers who may be considering the installation of equip- 
ment to use higher steam temperatures than those now commonly 
employed. While it is true that high pressures are conducive 
to carry-over of impurities from the boilers, the authors are 
hopeful that boiler design will advance to such a state that by 
the time the turbine designer produces a turbine using steam of 
1200 lb per sq in. and 1000 F, the scale formation on turbine- 
blades due to carry-over will no longer be a problem. 


18 This discussion appears with the companion paper, ‘High- 
Temperature Steam Experience at Detroit,’’ by P. W. Thompson 
and R. M. Van Duzer, Jr., A.S.M.E. Trans., 1934, paper FSP-56-9. 
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This paper is concerned with presenting the experience 
of The Detroit Edison Company with the various materials 
used in the construction of an 1100-F superheater and 
piping system in operation over 23,000 hr, for 21,169 of 
which the temperature was between 1000 and 1100 F; also 
a 10,000-kw, 1000-F turbine installation in operation 
11,231 hr, for 7832 of which the temperature was 1000 F. 
A description of both installations, the reasons for the 
choice of materials used, and an account of the operating 
experience are included. The thermal performance of 
the turbine is dealt with in an accompanying paper 
(A.S.M.E. Trans., 1934, FSP-56-8) by W. A. Carter and 
F. O. Ellenwood. 


XPERIENCE gained from equipment operating with 
K steam temperatures as high as 1100 F in one of the power 
plants of The Detroit Edison Company, since the fore 
part of 1929, leads the authors to believe that the design of 
steam-generating plants using temperatures in the neighborhood 
of 1000 F is entirely feasible provided users are prepared to specify 
the high-priced materials that experience so far dictates. A 
small oil-fired superheater, delivering steam at 1100 F to a 
piping system has been in operation at the Trenton Channel 
plant since March, 1929. The information obtained in the opera- 
tion of this equipment served as a basis of design for the sepa- 
rately fired superheater, piping, and 10,000-kw turbine generator 
_ which was placed in operation with steam at 1000 F in the latter 
“part of 1931 at Delray Power House No. 3. 

The principal trouble with the two installations has been en- 
countered at Trenton Channel and has been caused by the 
leakage at flanged pipe joints. The use of better bolting material 
and changes in flange design have materially improved conditions. 

7 Replacement of a cracked desuperheater casting was necessary 
in the Trenton Channel set-up and a new turbine throttle valve 


1! Chief Engineer of Power Plants, The Detroit Edison Company. 
Mem. A.S.M.E. Mr. Thompson was graduated in 1910 from Cornell 

_ University with the degree of M.E., and for the two years following 
was an instructor in heat-power engineering at Cornell. In 1913 
he was employed on designing and research engineering by the 
McIntosh & Seymour Corporation, Auburn, N. Y. Since 1913 he 
has been connected with The Detroit Edison Company, with the 
exception of two years’ service in the U. S. Army as Major, in charge 
of inspection of all army ordnance material manufactured in the 
Cleveland district. Following the armistice he was appointed a 
member of the Cleveland District Army Ordnance Claims Board. 
Mr. Thompson has been a frequent contributor to technical literature. 
He is a member of the A.S.M.E. Critical Pressure Steam Boiler 
Research Committee. 

2 Engineer, Production Department, The Detroit Edison Company. 
Mr. Van Duzer received the degree of B.S. in Mechanical Engineer- 
ing from the University of Michigan in 1927. Following graduation 
he spent two years at the Marysville Power House of The Detroit 
Edison Company and was then assigned to the staff of the Chief 
Engineer of Power Plants. One of his assignments has been the 
supervision of the experimental work involved in the two high- 
temperature installations at the Trenton Channel and Delray Power 
Houses. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., December 4 to 8, 1933, of THz AMERICAN 
Society or MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
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of improved design has been installed to correct recurring 
leakage at the bonnet flange at Delray. With these exceptions 
no troubles of a serious nature have been experienced. 
Examinations of the austenitic 18 per cent chrome, 8 per | 
cent nickel alloy which was used in the construction of the 
Trenton Channel superheater and piping system, show that | 
this material has deteriorated in service due, probably, to | 
precipitation of chromium carbides along the grain boundaries. © 
There is, however, no evidence thus far of inter-crystalline cor- 
rosion and no such serious reduction in physical properties such 


as would lead to rejection of this material for steam service in the 
range of temperatures from 1000 to 1100 F. Tests of other steels 
belonging to the low alloy class have disclosed no marked change 


in their properties. Since the time these two experiments were 
undertaken much more information concerning the behavior of 
alloy steels has become available. This, together with ad- 
vances in the art of manufacture, has made the selection of stable 
alloys for this class of equipment a simple matter for the designer. 

Operation with high-temperature steam has presented no 
problems of an unusual nature. The equipment, particularly the 
turbine, has been given close attention because of its experi- 
mental nature. The turbine at the present time, however, is 
receiving only the same care as other equipment in the Delray _ 
Power House. 

This paper is primarily concerned with a discussion of the 
reasons for the selection of the materials that were used, results of 
metallurgical examination, operating features, and troubles 
that have been experienced and remedies applied. More de- 
tailed descriptions of the installations and design assumptions 
have already appeared in magazine articles (1), (2), (3), (4), (5), rf 
(6). Information regarding the thermal performance of the a 
turbine has been presented in an accompanying paper (A.S.M.E. 
Trans., 1934, FSP-56-8) by Carter and Ellenw ood. —— 

PURPOSE OF EXPERIMENT 

The choice of the unusually high temperatures for these experi- _ 
ments was made in order to determine what effects would be — 
produced on alloys then available for power plant equipment. 
The experiments were undertaken as steps designed to eliminate 
one of the factors now limiting increase in efficiency of the cae 
regenerative turbine cycle by allowing initial pressures, higher — 
than those now in use (1). 

It was decided to divide the experiment into two parts at — 
the time a decision was made in 1927 to proceed with the design 
and installation of a 1000 F turbine. The first part consistedofa 
separately fired superheater and piping system designed to oper- 
ate at 1000 F and later with steam at 1100 F to give preliminary 
data regarding the effect of the high superheat on tubes, piping, 
pipe fittings, and particularly, pipe joints. The second step con- 
sisted of the installation of a 10,000-kw turbine-generator together 
with piping and superheating equipment designed for operation — 
with steam at 1000 F. 

Information gained from the first installation at Trenton 
Channel proved invaluable in the design and selection of mate- 
rials especially for the piping system of the Delray apparatus. 


3 Numbers in parentheses refer to similar numbered items in the 
Bibliography given at the end of the paper. 
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No provisions were made in either group to utilize steam at a 
pressure higher than 400 lb per sq in. It was believed that the 
high temperature without adding the possible complication of 
high pressure would provide the information most desired. Con- 
sequently, in both experiments, steam at station pressure was 
utilized. 


DESCRIPTION OF EQUIPMENT 


The Trenton Channel equipment consists of an oil-fired super- 
heater supplied with steam at 400 lb per sq in. and 700 F from the 
station header. Approximately 65 ft of 5'/.-in. O.D. °/s-in. wall 
tubing conducts the high-temperature steam to a desuperheater 
where the temperature is reduced before passing to one of the 


house-service turbines. The superheater is of the radiant type, 


16° MAIN 


14”MOTOR OPERATED ' 
STEAM HEADER 


GATE VALVE 


10°- 400° st’D 


SEAMLESS CARBON 
STEEL PIPE——__| 


TO ATMOSPHERE 


1-4” SAFETY VALVE 
(RELIEVING PRESSURE) 


PERHEATER OUTLET 
OUTL 


ATMOSPHERE 


SUPERHEATER 
4” POWER OPERATED 
RELIEF VALVE 

10" CENTER r 
PRESSURE VALVE i= 


: 


Fic. 1 Isometric View or HiGH-TEMPERATURE INSTALLATION 


containing 153 sq ft of refractory covered heating surface, and is 
capable of adding 400 deg of superheat to 6000 lb of steam per 
hour from an initial temperature of 700 F. The tubes which 
comprise the rear and side walls of the unit are covered with re- 
fractory blocks cemented to welded-on-lugs on the tubes to 
prevent direct exposure to the radiant heat. 

The high-temperature piping system included a valve, eight 
flanged pipe joints, and a desuperheater. The pipe ends were 
provided with Van Stone, Sarlun laps, the faces of which were 
provided with a serrated finish for obtaining experience with 
gasketed as well as seal-welded joints. All joints in the piping 
system as well as the superheater inlet and outlet joints were 
constructed in accordance with the 600-lb American Standard for 
Steel Flanges. The original line has been somewhat changed by 
the addition of experimental joints of heavier construction. 

The Delray installation consists of an oil-fired superheater, 
interconnecting high-temperature piping, a 10,000-kw British 
Thomson-Houston turbine-generator, condensing equipment, 
and auxiliary pumps and heaters, together with the piping 
necessary to connect the turbine flow circuit into the existing 
plant systems (5), (6). An isometric view of the installation is 
shown in Fig. 1. The equipment occupies a space provided for a 
future boiler and is compactly arranged. 


4 


The superheater contains 3957 sq ft of surface arranged in 
three sections; a top convection section, a middle semi-convec- 
tion-radiant portion, and a lower radiant section which en- 
closes the combustion chamber on the two sides and bottom. 
The tubes in the lower section were provided with the same 
type of refractory covering as used in the Trenton Channel super- 
heater. The unit was designed to superheat 90,000 lb of steam 
per hr from 700 to 1100 F at a pressure of 455 lb per sq in., al- 
though the ordinary operating pressure does not exceed 400 lb. 

The interconnecting pipe line (2), consists of the superheater 
outlet fittings, a 10-in. center-pressure type stop valve, two reduc- 
ing fittings, and 43 ft of 8'/.-in. O.D. 5/s-in. wall tubing. A 
power-operated safety valve was also added at the outlet. 
Several different types of joint construction are used in the twelve 
joints which are in the line. Five of these joints are made 
with full-strength butt welds and reinforced with bolted flanges; 
the remaining seven are bolted joints. The throttle valve joint 
is a modified tongue and groove, 1350-lb American Standard. 
The joint between the reducing ell and the tubing, is of the 
raised-face type in accordance with the 1350-lb American Standard. 
The tubing-reducer joint near the superheater is a modified 900-lb 
American Standard. The joints on either side of the valve are 
made up with hairpin spring washers to provide flexibility inas- 
much as the valve flanges are made to the 600-lb American 
Standard. The sixth and seventh bolted joints are at the small 
tee where the safety valve is located, and are both in accord- 
ance with the 900-lb American Standard. 

The turbine is a two-cylinder, single-shaft, 3600-rpm, straight- 
impulse type unit containing nine stages in the high-pressure 
cylinder and eleven stages in the low-pressure portion. It was 
designed for steam at 365 lb per sq in. gage at 1000 F, exhausting 
to lin. Hg absolute. Steam is extracted at the ninth, fourteenth, 
and seventeenth stages for feedwater heating. Except for the 
double-casing construction, and the external supply of saturated 
steam which is supplied to the high-pressure shaft packing to cool 
the shaft and bearing, the general design of the turbine differs 
little from impulse turbines manufactured in this country. 
A cross-section of the turbine unit is shown in Fig. 2. The 
generator which is rated at 10,000 kw at 0.8 power factor and 

4800 volts is equipped with two direct-connected exciters and a 
closed ventilation system, and is of standard design. The con- 
densing equipment and auxiliaries are identical with those used 
for the 4000-kw de auxiliary turbine-generators in the power 


At the time the Trenton Channel equipment was being de- 
signed in 1927, the austenitic 18 per cent chrome, 8 per cent 
nickel alloy was being offered as the ideal material for equip- 
ment operating at elevated temperatures. Various investiga- 
tors in this country and abroad had established its high physical 
properties and resistance to creep at temperatures in the range 
from 1000 to 1100 F. The principal objections to its use were 
the high cost and difficulties of fabricating in either the cast or 
wrought form. 

Inasmuch as this alloy possessed such desirable properties and 
was recommended by the builder of the superheater, it was 
selected for part of the radiant section of the superheater, 
the piping, and the valve and fittings. The superheater was 
fabricated with low-carbon steel tubing in the section where 
the steam temperature does not exceed 800 F while the remainder 
contained the so-called 18-8 tubing then known as Enduro S188 
and now designated as Nirosta KA2. The typical analysis of 
this steel as given by the maker was C 0.16 (maximum), Cr 
17-20, Ni 7-10, and Si 0.50 (minimum), all in per cent by weight. 
Subsequent analysis of a removed tube showed a carbon content 
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of 0.05 per cent, which places this material in the low-carbon or 
KAQS class. 

This same material was selected for the high-temperature 
piping system because of its desirable properties and the fact 
that it could be obtained in a 5-in. pipe size. This 5'/,-in. O.D. 
3/s-in. wall tubing was made by The Babcock & Wilcox Company 
to the same analysis as given above. Later determinations show 
a carbon variation from 0.06 to 0.09 per cent. The loose com- 
panion flanges, valve, and desuperheater castings were made 
from Rezistal 2C, a material similar to KA2 but having a maxi- 
mum mene content of 0.25 per cent and a silicon addition of 
2.0 to 2.5 per cent. The bolted joints were made up with Semi- 
nole Hard, a chrome-tungsten-vanadium steel, heat-treated to 
give a yield point in the neighborhood of 200,000 lb per sq in. 
This alloy was selected as the result of creep tests conducted at 
the University of Michigan on a similar steel. The typical com- 
position of this steel is given in Table 1. It possesses a resistance 
to creep of about 7000 lb per sq in. at 1000 F, based on an ex- 
tension of one per cent per 100,000 hr, and is fairly stable at 
the operating temperature. Various other bolting steels have 
not proved as satisfactory. Numerous gasket materials have 
been used, the most successful being plain '/;.-in. sheet monel. 

After the Trenton Channel equipment had been placed in 
service and before final decisions had been made regarding the 
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TABLE 1 PRINCIPAL PROPERTIES OF IMPORTANT ALLOYS > 
USED IN TRENTON CHANNEL AND DELRAY INSTALLATIONS 


IN THE “AS RECEIVED” CONDITION 
Physical Properties 
Tensile Yield 
strength, point, Reduction 
Alloy per lb per Elongation, of 
No. sqin sqin. %in2 in. Remarks 
1 85,000 25,000 40 40 Nirosta 
2 91,600 mere 53 in 8 in. 59 KA28 
3 90,000 35,000 40 40 KA2B 
4 68,000 4in 13/sin Rezistal 2C 
5 137,000 118,000 25in1lin 33 Used in turbine construction — 
6 78,000 45,000 25 40 (370 Mo 
7 140,000 122,000 16 50 4-46% Cr—1% W 
8 110,000 76,000 32 65 — 14% Cr 
9 A  Hecla ATVI 
10 67,000 40,000 31 45 Era 131 
11 225,000 210,000 ll 33 _ Seminole Hard 
Chemical Analyses 
Alloy 
No. Cc Cr Ni Mo W Mn Si P and 
1 0.16 max. 17.0- 8- 0.50 0.25- 0.025 max. 
20.0 10 0.75 
2 0.06 17.6 9.2 0.53 0.57 0 -02 
3 {0:20 17.0- 8.0- 0.65 2.0- 
0.20 19.5 10.0 2.5 
4 0.23 (17.5 9.0 1.6 O 
5 0.31 0.35 3.10 0.34 0.72 0.32 0 
6 0.25 0.75 0.36 
7 0.39 wi 1.10 0.46 0.25 
8 0.25 14.28 0.28 0.52 0.34 0 
9 0.47 11.84 36.32 Te 0.24 0.23 O 
10 0.17 0.24 nee 0.84 0.71 0.24 
112 0.45- 1.20- .. 1.75-0,35 
0.50 1.45 2.25 


V—0.20 to 0.25. 
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materials for the Delray superheater and piping, reports were 
received from various sources, including steel makers in England 
and users in the oil industry, of failures that had been experienced 
with the 18-8 alloy. These failures had occurred in parts sub- 
jected to corrosive mediums and were due to intercrystalline 
corrosion which was believed to have been the result of precipita- 
tion of chromium carbides at the grain boundaries. 

In view of these unfavorable reports, the performance of this 
material was carefully studied. A piece of the tubing from 
the Trenton Channel pipe line was removed and examined. 
Changes to the extent predicted were not found, as only slight 
carbide segregation and a 5 per cent loss in impact value at room 
temperature was in evidence. The physical properties after this 
period of service were so good that this alloy was used for the 
hotter sections of the Delray superheater and the piping between 
the superheater and the turbine. Care was taken to specify, 
where possible, the low-carbon KA2S material containing less 
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Cross-Section 10,000-Kw, 1000-F Tursinge aT DELRAY 


6 
° 
than 0.07 per cent carbon, in order to minimize any carbide forma- 
tion. 

The low-carbon KA2S alloy was used in making the 8°/s-in. 
O.D. '/;in. wall tubing and KA2B, which is KA2 plus 2-2.5 per 
cent Si, was used in the middle and lower portions of the super-— 
heater. This latter composition was recommended by the builder 
as being approximately ten times as resistant to sulphur corrosion 
from fuel oil as either KA2 or KA,2S and was therefore given | 
preference over the lower carbon alloy. 

Several different classes of so-called low alloy steels were — 
installed in both installations in an attempt to learn as much 
as possible regarding the behavior of various alloys under the 
action of the high-temperature steam and at the same time find 
materials other than the expensive austenitic group. Aside 
from the saving in material cost involved in using these cheaper 
alloys, they were more readily fabricated into sound castings and | 
tubing. This was illustrated by the delay and expense involved in 
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the drawing and fabrication of the Delray superheater tubes and 
the pouring of the outlet fittings. It was impossible for the 
maker to draw and bend tubes long enough for the lower section 
of the superheater from the KA2B material. This section was 
finally completed by flash welding shorter tubes together. It 
was also necessary to recast the outlet fittings before sound ones 
were obtained. 

Among these alloys that were placed in service were three 
castings made from 4-6 per cent Cr, 1 per cent W; one casting 
of 0.5 per cent Mo; a 5'/,-in. O.D. length of 4-6 per cent Cr, 1 
per cent W tubing; a valve body of Era 131, an English alloy 
(see Table 1); and medium- and high-carbon calorized steel; 
together with the nickel-chromium-molybdenum steel adopted 
by the turbine builder for all parts of the turbine subjected to 
high-temperature steam. 

The 4-6 per cent Cr, 1 per cent W alloy which was developed 
to withstand the high-temperature corrosive service in the oil 
industry offered possibilities due to its creep resistance of 1 per 
cent in 100,000 hr at a stress of 6000 lb per sq in., and its corrosion 


7 resistance properties. The 0.5 per cent Mo and Era 131 steels 


were recommended by English investigators as possessing good 


creep resistance properties. The nickel-chromium-molybdenum 
steel used for the turbine and throttle valve was selected as 
the result of investigations conducted by Thos. Firth and Sons, 
Ltd. at the request of The British Thomson-Houston Company, 
Ltd. 

Typical analyses of all of the steels that have been discussed 
are given in Table 1. 

Some idea of the creep resistance of these various materials 
can be gained from the values of stress required to produce a 
1 per cent creep in 100,000 hr as given in Table 2. 


TABLE 2 CREEP PROPERTIES 


Tempera- 
ture 


1000 
1000 


Investigator 

Norton 

White and Clark 
White and Clark 
White and Clark 
White and Clark 
White and Clark 
White and Clark 
Norton 


Material 


Tubing and castings KA2 

Tubing KA28 

Tubing and castings 4-6 Cr, 1 W 
Casting Era 131 

Bolts Seminole Hard 
Casting 


Casting Norton 


Norton 


A few tubes of medium- and nd high-carbon calorized steel were 
installed in the Trenton Channel superheater to determine the 
degree of protection secured with aluminum coating. After 
the first installation of this material, tubes of 0.35 C steel, coated 
with aluminum, were installed in the middle section of the Delray 

_ superheater, together with a like number of tubes coated with 

18-8 and 12-14 per cent Cr stainless steel applied with a Schoop 

metal spray gun. 

. Bolts used for the joints in the cooler sections of the Delray 

-——s- superheater interconnecting piping were made from SAE 3140, 

__ while the remainder of the joints were made up with 18-8 bolting. 

Seminole Hard material was used for the joints in the piping 

_ system and metal gaskets were used for all the unwelded joints. 

____ Flanges for the welded joints in the pipe line were SAE 3240, a low- 
_ chrome-nickel steel. 

The selection of materials for the turbine was left entirely 
in the hands of the turbine builder. They, working with the 
Brown-Firth Laboratories, selected as the result of time-yield 
tests (7) the nickel-chromium-molybdenum alloy, the analysis 
of which is given in Table 1, for the turbine throttle valve, the 

high-pressure shaft packing casing, the inner and outer high- 
pressure cylinders, and the forged rotor. The time-yield test on 
this steel at 1000 F showed less than a 0.5 per cent extension 
during the first 24 hr, at a stress of 5600 lb per sq in., and no 


_ from the Trenton Channel installation. 


further extension during the next 24 hr. A maximum design 
stress of 5000 lb per sq in. accordingly was used in the turbine 
design. The original interstage diaphragms were cast from the 
same material but due to the imperfect castings obtained, these 
were replaced with built-up diaphragms made from a 0.40 per 
cent carbon steel before operation with steam at 1000 F. The 
turbine nozzle partitions and wheel blading, with the exception 
of the first-stage buckets, were made from a 0.25 per cent C, 
14 per cent Cr, stainless steel. Hecla ATV1 containing 0.47 
per cent C, 11.8 per cent Cr, and 36.3 per cent Ni was used for 
the first-stage blading. All of the shaft packing was made from 
forged phosphor bronze except the three-ring section near the 
first stage wheel which was stainless steel. The interstage pack- 
ing was later changed to a stainless steel at the time the original 
diaphragms were replaced. Nothing unusual in the way of ma- 
terials was used in the low-pressure element. 

With the exception of several parts, the careful attention 
that was given to the selection of the materials described, has 
resulted so far in trouble-free operation. The results of examina- 
tions which have been made and changes which were found neces- 
sary are discussed more in detail in the following sections of the 
paper. 

Results of both physical and microscopic examinations made 
on various materials from the two installations have shown evi- 
dence of slight changes. In no case, however, have these changes, 
loss in strength, or tendency toward embrittlement, progressed 
to such an extent that any consideration has been given to re- 
placement of parts. It is entirely possible that the changes 
which have been observed will progress at a much slower rate 
than has occurred during the initial period of operation 

Six different classes of alloy materials have been examined 
after varying lengths of service. These include wrought KA2 
and KA2S and cast Rezistal; medium and high-carbon calorized 
steel; cast 4-6 per cent Cr, 1 per cent W; nitralloy; cast nickel- 
chromium-molybdenum used in the turbine; and Seminole Hard, 
together with several bolting materials. 

Three different sections of 18-8 material have been removed 
The first of these was a 
section of the 18-8, 5'/:-in., °/s-in. wall tubing removed in 1930; 
the second was a similar piece removed in 1932; while the third 
section was a 2-in., !/,-in. wall superheater tube removed in May, 
1933. These parts were in service at various steam temperatures 
as shown in Table 3. 


METALLURGICAL EXAMINATIONS 


TABLE 3 SERVICE PERIODS OF 18-8 ALLOY TUBING SAMPLES 


Part No. 
Date of removal 
Steam 


Below 
1000 
1050 F 
1100 F 


The physical properties of these specimens are given in Table 
4. Included, also, are the properties of the material in the 
‘fas received” condition which, unfortunately, were not obtained 
from specimens cropped from the identical tubes tested, prior 
to final fabrication. They were taken, however, from identical 
sections and are considered representative of the material before 
service. 

Microscopic examination of the samples show evidence of 
carbide segregation at the crystal boundaries. A typical photo- 
micrograph of each sample is shown in Fig. 3. These give 
some idea of the extent to which this segregation has taken 


2 3 
1932 1933 
Hours in service ea 


Total 


yess 
| 

15.00 

12,50¢ 

1100 5,200 
1000 00¢ 
1000 5,90 

1000 7,206 
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1 

916 1,471 1,471 
«1,732 3,254 4,068 
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place. Each successive sample has shown a widening of the 
grain boundaries, although in no sample thus far examined has 
there been evidence of inter-crystalline corrosion. 

In an attempt to express quantitatively the extent to which 
the deterioration has taken place, the method used by Aborn 


TABLE 4 PROPERTIES OF 18-8 ALLOY AFTER DIFFERENT 
SERVICE PERIODS 
Physical Properties 
Specimens 1 2 3 4¢ 
Tensile strength, lb persqin. 95,1004 91,6002 113,0006 91,6004 
Elongation, per cent....... 35 37 38.5 53 
Reduction of area, per cent. . 36 54 57 59 
Hardness, Brinell No. ...... 148 152 202 143 
Reduction in Izod impact 
value, per cent: 

At room temperature. .... 5 17.5 68 0 

Chemical Analyses 


* 21-in. pipe coupons, 8-in. gage length. 
6 1/,-in. A.S.T.M. standard tensile specimen, **/s-in. gage length. 
©“As received" condition. 


and Rutherford was followed (8). This method consists of 
measuring the change in electrical conductivity caused by boiling 


Specimen 1 
Removed in 1930, after 6408 hr service. 
Murakami's etch X 1800 


the specimen in a modified Strauss solution. Materials which 
are subject to inter-crystalline corrosion show a great increase in 
conductivity after being heated in the solution. The tubing 
samples were boiled for 48 hr, after which the first showed a 60 per 
cent increase in conductivity, the second showed a 260 per cent in- 
crease, while the third sample and the material in the “‘as received”’ 
condition showed no change. It is probable that the corrosion- 
resistant properties have been restored in accordance with test data 
presented by Bain, Aborn, and Rutherford (9). This rather favor 
able result, as compared with troubles encountered elsewhere, is 
due, no doubt, to the absence of an actively corrosive fluid and 
partly to the fact that the operating temperature is slightly below 
the range in which carbide segregation is most pronounced (1200 
to 1300 F). 

The physical properties would indicate that the material is 
slowly becoming embrittled as evidenced by the increase in 
hardness and drop in impact value. These changes, however, 


Specimen 2 
Removed in 1932, after 15,535 hr service. 
Murakami's etch X 1800 


Fie. 3. PHoTomMIcROGRAPHS SHOWING CHROMIUM CARBIDE PRECIPITATION AT THE GRAIN BouNDARIES OF 18-8 


have not been of sufficient magnitude to cause any concern. It 
is improbable that failure, should it occur, will ever take place 
without warning, as evidenced by the good corrosion resistant 
properties exhibited by the third sample. Development of 
special 18-8 alloys (9) to inhibit chromium-carbide segregation 
should make this material even more suitable for high-tempera- 
ture steam use. 

Examination of an unused flange, a valve body, and a de- 
superheater, all made from cast Rezistal, showed that these 
castings contained inclusions and blow holes. The valve was 
removed after 6899 hr of service, for 5937 of which the tempera- 


TABLE 5 PHYSICAL PROPERTIES OF REZISTAL 2C CASTINGS 


Valve Desuperheater Flange 
Tensile strength, lb per sq in. 67,400 21,800 68,300 
Elongation, per cent in 13/; in. 7 0 4 
Reduction of area, per cent 3 0 8 
Izod impact value, ft-lb 27 7 11 
Chromium, per cent by weight 18.7 15.9 17.5 
Nickel 10.8 7.2 9.0 
Silicon 1.25 1.6 
Carbon 0.22 0.23 0.23 


tures were between 1000 and 1100 F. The desuperheater was 
removed after 6408 hr of operation, for 5246 of which the tem- 
perature was above 1000 F, because of cracks caused by a 


Specimen 3 
Removed in 1933, after 21,496 hr service. 
Murakami’s etch X 1800 


combination of thermal stresses and the poor metal. No com- 
parison or conclusions regarding the suitability of this alloy can 
be made due to the evident unsatisfactory condition of these 
parts as received. The physical properties and chemical analyses 
are given in Table 5. 

Of the two installations of calorized carbon steel, the first at 
Trenton Channel has been cut up and examined. The second, 
which consists of five tube elements in the intermediate section 
of the Delray superheater has not been removed for examination. 

The Trenton Channel material, consisting of surface-treated 
0.13 C tubing, 0.25 C castings, and 0.40 C forged headers, com- 
prised a small superheating unit connected in series at the out- 
let of the original unit. The heating surface was composed of 
eight elements extended into the combustion chamber and 
directly exposed to flame impingement at their lower ends. 
This unit was removed after 3821 hr of service, for 3305 of which 
the temperature was above 1000 F, due to the excessive growth of 
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the forged return bends at the lower ends of the furnace tubes. 
These tubes were subjected to surface temperatures as high 
as 1600 F and to combined stresses, due to internal pressure 
and heat flow, as high as 3000 lb per sq in. Approximately 
10 per cent of the calorized coating on the furnace tubes had 
disappeared and the remaining 90 per cent was quite brittle. 
The inside of the tubes was coated with magnetic oxide 0.04 to 
0.08 in. in thickness, and measurements showed creep rates as 
high as 2 per cent per 1000 hr. The tubing and headers outside 
the setting were in good condition; measurements indicated no 
growth; the coating was apparently in a similar condition as 
when installed; there was little evidence of magnetic oxide 
formation; and, the physical properties had changed only 
slightly. 

The surface of the calorized and sprayed Delray tubes is ap- 
parently in good condition except in several spots where a coarse 
granular appearance indicates a brittle condition. The tubes now 
have become coated with a !/,.-in. layer of slag which protects 
the coating from attack. The development now being made 
to produce a more ductile aluminum coating and its application 
to low alloys possessing good creep properties offers possibilities 
for the adoption of this class of material for high-temperature 
equipment. 

Information regarding 4-6 per cent Cr, 1 per cent W material 
received from several sources was to the effect that this steel 
had a tendency to embrittle when subjected to prolonged heat- 
ing at temperatures ranging from 1000 to 1100 F. Inasmuch 
as several parts made from this alloy were in service at Delray 
and Trenton Channel, a valve of this composition was removed 
from the outlet of the Trenton Channel superheater for examina- 
tion. The valve was of 600-lb American Standard construction 
and had been in service for a total of 12,995 hr, for 10,818 of 
which the temperature was 1100 F. 

The test results showed that apparently the material in the 
valve body did not undergo embrittlement and that the long 
service at the high temperatures tended to increase the tough- 
ness and ductility. This statement cannot be made more 
definite as none of the valve material, before being subjected 
to service, was available. Comparison was made between 
supposedly similar samples supplied by the same vendor. Little 
reliance can be placed on the results of the tensile tests from 
the valve body, shown in Table 6, due to the presence of inclu- 
sions throughout the casting which made it impossible to obtain a 
sound test specimen. 


TABLE 6 PHYSICAL PROPERTIES OF 4-6 PER CENT Cr, 1 PER 
CENT W VALVE BODY 


Material in 


received”’ Material from 
condition valve body 
Tensile lb per sq in. 139,800 
Yield point, lb per sq in. 121,700 
Elongation in 2 in., per cent 16 
Reduction of area, per cent ys 


Izod impact value, ft-lb 


Room temperature 
1000 F 240 
Hardness, Brinell No. 


* Contained small flaw, 5 per cent of cross-section, =» 

The increased impact strength at 1000 F, the decreased hard- 
ness, and reduced tensile strength of the valve material tend, 
however, to indicate an increase in toughness and ductility. The 
apparent change from martensitic to sorbitic microstructure 
is in agreement with the changes in physical properties. The 
valve material contained a somewhat greater amount of chro- 
mium and tungsten carbides than the material in the “as re- 
ceived” condition. In no sections of the valve casting examined 
were grain boundaries outlined with carbides. This fact, to- 
gether with the impact values obtained, indicates that noticeable 
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embrittlement. 


embrittlement did not occur. The condition of the metal and 
the original low impact value, however, were considered un- 
satisfactory. 

Experience with nitralloy would indicate that it is unsuitable 
for high-temperature valve trim. Continued service has re- 
sulted in scale formation and pitting of the surface of the trim 
of two valves installed in the Trenton Channel line. The 
trim in the first valve, removed after 6408 hr of service, for 5246 
of which the temperature was above 1000 F, had a non-uniform 
case covered with a thin scale and had a maximum Vickers 
Brinell No. of 700. Examination of the nitralloy rings from the 


chromium-tungsten valve showed a condition of which Fig. 4 is 
typical. 


A coating of scale approximately 0.010 in. in thickness 


SCALE 
Fic. 4 Macroararu or Nitripep Seat Rina AFTER 12,005 
Hr SERVICE 


Vickers Brinell 
hardness No. 


Designation Depth of case, in. 


1 0.012 470 
2 0.028 560 
3 0.036 550 

200 


Core 
Etchant: 3 per cent nital—Magnification: 5X 


covered the contact faces of the rings. This does not show in the 
illustration. The surface hardness values had dropped from 1000 
Vickers Brinell No. to those shown under Fig. 4. These 
rings were fabricated in 1930 and had received a 24-hr treat- 
ment, six hours at 1000 F and the balance at 970 F. This ma- 
terial is supposedly stainless at steam temperatures in the 700 
F region, but examination of these samples would indicate 
that it cannot withstand the attack of dissociated steam at 
the higher temperatures. 

Results presented by Bailey and Roberts in a paper (10) before 
the Institution of Mechanical Engineers on the embrittling 
effect undergone by some nickel-molybdenum steels when sub- 
jected to stress at high temperatures, led to an investigation of 
the material used in the high-temperature section of the tur- 
bine. This material definitely fell within the range of nickel 
and molybdenum content which Bailey stated was susceptible 
Material for the investigation was taken 
from the original ninth-stage cast diaphragm, This piece had 
been in service for 656 hr at temperatures not exceeding 250 
F and, therefore, was considered representative of the nickel- 
chromium-molybdenum turbine parts before service. 

The result of tests conducted similar to those by Bailey, 
except at 1000 F, indicated that the turbine material is not sub- 
ject to the sort of embrittlement that he encountered on wrought 
steels of nearly the same composition, stressed as high as 20,000 
Ib per sq in. at 842 F. The results of the impact values ob- 
tained on the notched '/,-in. round specimens in an Izod machine 
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are given in Table 7. All of the samples showed an increase in 
impact value rather than a decrease. 


TABLE 7 RESULTS OF EMBRITTLING TREATMENT ON CAST 
Ni-Cr-Mo TURBINE MATERIAL 


| 
Change in 
. Impact value impact value 
at room resulting from Impact value 
temperature, treatment, at 1000 F, 
Embrittling treatment ft per cent ft-lb 
1 None 53 0 34 
2 Heated at 1000 F for 200 hr 59 7 +11 «B4 
3 Heated at 1000 F for 200 hr 
at 12,000 Ib per sq in. 
notched prior to treatment 56 + 6 : 41 
4 Same as 3, except notched in a 7 


after treatment 60 +13 40 


Small specimens suitable for hardness readings and micro- 
scopic examination were removed from the turbine throttle 
valve after 3809 hr of service, for 1450 of which the temperature 
was 1000 F, and compared with the diaphragm material. The 
little difference found was not pronounced and may have been 
caused by difference in the heat treatment of the original castings. 

Various bolting materials have been tried with different de- 
grees of success. The material which has given the best re- 
sults is a properly heat treated A.S.S.T. No. 5 chisel steel, having 
the composition given for steel No. 1 in Table 8. This alloy 


TABLE 8 CHEMICAL ANALYSES OF BOLTING MATERIAL 


Steel Trade 
No. name Cc Cr Ni WwW Mn 

1 Seminole Hard 0.45-0.50 1.25 sis 2.0 ‘a 

2 Rezistal, 2C 0.05 19.5 9.9 ue 0.70 
3  Supertemp 0.36 0.52 0. 94 0.90 

4 1722 0.45 1.40 as 0.77 0.50 
D-1 0.08 0.97 0.25 
6 SAE 3140 0.35-0.45 0.45-0.75 1.0-1.5 0.5-0.8 
Vibrac 0.48 1.28 2.59 0.62 


possesses good creep resistance properties and a high tensile value 
at room temperature. Bolts made from this steel are given an 
oil quench from 1650 F and drawn at about 1100 F to give a 
Brinell hardness No. of from 400 to 440. Threads are cut after 
heat treatment to prevent the formation of cooling cracks at the 
thread roots. Trouble experienced with quenching cracks has 
been eliminated by removing the decarbonized mill surface, 
prior to heat treatment. This steel is not entirely stable after 
prolonged service as is evidenced by a drop in impact value, 
hardness, and tensile strength. The results of examination of 
four bolts, two of which were removed after 6408 hr of service, 
for 4278 of which the temperature was between 1000 and 1100 F, 
and two of which were removed after 10,575 hr, for 7832 of which 
the temperature was 1000 F, are shown in Table 9. Less joint 
maintenance has been experienced with this bolting due to its 
high elastic and plastic properties, notwithstanding its change in 
properties after service. 

Steel No. 2, although possessing good resistance to creep, was 
found to be subject to severe embrittlement and did not possess 
sufficient elastic strength to withstand the thermal stresses en- 
countered in the warming and cooling of a steam line. One 
set of bolts made from Steel No. 3 required tightening once 
during 10,893 hr of service and showed a drop in impact value 
of approximately 50 per cent. Steels 4, 5, and 6, in the condition 
used, have required frequent tightening to compensate for creep. 
Bolts made from steel No. 7 were supplied with the turbine. 
Their behavior has been satisfactory except in the throttle valve 
bonnet joint where the stresses were too high. It is believed 
that with the new valve now installed this condition has been 
corrected. 


Pipe-Joint EXPERIENCE 


Troubles encountered with bolted pipe joints have been many 
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and varied. In the authors’ opinion, it is doubtful whether, 
with present materials, bolted joints can be designed to give the - 
same trouble-free operation at temperatures of 1000 to 1100 F 
that has been experienced with present designs at 700 to 750 F. | 
From experience gained, however, with the original joints at — 
Trenton Channel, it has been possible to construct two joints _ 
that have now been in service for over 16,000 hr at steam tem- 
peratures above 1000 F without attention. Full-strength welded 
joints appear to be the answer to the high-temperature jointing 
problem, although there is much to be learned regarding the 
behavior of weld metal under stress at high temperature and the 
weldability of desirable high-temperature alloys. 

It was rather fortunate, in one respect, that the original joints 
at Trenton Channel were not made heavier than the 600-lb 
American Standard as troubles were soon encountered which 
led to improvements in design. Some of the difficulties probably 
would not have been anticipated in the turbine installation at 
Delray had these joints been made more substantial. This 
original design led to the use of various joints which fall roughly — 
into five classes. 

Two types of stress, aside from stress due to internal pres- 
sure and bending moment imposed by change in position of a | 
line, appear to cause most of the difficulty in high-temperature 
bolted joints. These are thermal stress caused by the tem- 

perature differential between the inside 
P and outside of the joint and differences 
in coefficient of expansion of the joint 
Si Mo V_ max. materials, and creep stress caused by the 
= 9.01 Plastic condition. In order to eliminate 


oo the thermal stresses, so-called temperature _ 
compensated joints were tried. These con- 
is 039 °° 0°03 _ sisted of joints using 18-8 bolts and having 


spacers between the flange and nut of a 
material similar to Invar. The bolt and spacer lengths were so 
selected that any tendency to pick up or lose load was compen- — 
sated for by the difference in coefficient of expansion. These © 
joints failed due to the rather high stresses selected and failure | 
to consider the plastic phase at the operating temperature. 5 - 


TABLE 9 sees PROPERTIES OF SEMINOLE HARD 
LTING MATERIAL 


Group in service Gump) in service 
6408 hr 10,575 hr 
(4278 hr at 1000 to 1100 F) (7832 hr at 1000 F) 

Before After Before After 
Tensile sine tb py Ib per sq in. 214, 000 213,000 225,000 163,000 
Yield point, lb per sq in. 204, ‘000 202, 210,000 
Elongation in 2 in., per cent ll 11 14.4 
Reduction in area, sper cent 36 37 5 33 42.5 
Hardness, Brinell 457 400 462 338 
Isod impact value, ft-lb 12.5 8.5 


The second class of joints used were similar to the original 
joints with materially increased flange and bolt dimensions. 
Two 5-in. joints in the Trenton Channel line, made up with the 
bolt stress limited to 10,000 Ib per sq in., have been in service 
over 16,000 hr. These are Van Stone type with serrated facing, 
KA2 flanges, steel No. 1 bolting material, and '/;;-in. plain monel 
gaskets. The 900-lb flanges in one joint were increased to 3*/;-in. 
while the 1350-lb flanges in the second joint were made 4!/;-in. — 
in thickness. All the bolted joints in the Delray line, with the 
exception of those on either side of the superheater outlet valve, 
were made to either the 900- or the 1350-lb American Standard. 
Leaks which occurred in two 8-in., 1350-lb joints after 6795 hr 
of service were due to plastic deformation of the gasket faces 
rather than to dishing of the flanges or creep of the bolts. 

Full-strength mechanically reinforced welded joints are in 
service in both installations. The mechanical reinforcement, ; 
consisting of collars over three Trenton Channel joints and 
backing up flanges on the Delray joints was added to prevent 
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: pulling apart should the 18-8 weld metal ever disintegrate due 
to inter-crystalline corrosion at the fusion zone. Additional time 
is needed to determine definitely whether such precaution is 
or is not necessary in 18-8 welds. It would appear from ex- 
amination of the fusion zone of welding on the 18-8 tube removed 
from the Trenton Channel superheater, that the region affected 
by welding does not undergo any more rapid change than the 
parent metal, at least, when under no stress. This particular 
welding was used to fasten lugs to hold the tube protecting tiles. 
These joints have given no trouble. 

Another class of joint in service, embracing the Sargol and 
Sarlun, is seal-welded. The original Trenton Channel joints 
were provided with Sarlun-welding lips, two of which were 
welded after trouble was experienced maintaining a tight- 
gasketed joint. During 17,236 hr of service it has been neces- 
sary twice to repair cracks which developed in each joint as a 
result of bolt elongation. The modified Sargol-type joints, 

used in the interconnecting and outlet piping of the Delray 
_ superheater, where the steam temperature varies from 850 to 
1000 F, have given no trouble. 

The high stresses encountered in the Trenton Channel joints 
and a desire to obtain satisfactory joints for the 600-lb flanges 
of the valve at the superheater outlet led to the design of the 
 hairpin-type spring joint. The first of these joints installed 

at Trenton Channel consisted of springs, of hairpin shape, 
placed between the flange and one nut on each bolt. The springs 
were designed to maintain a unit gasket pressure of ten times the 
steam service pressure during the warming and cooling of the 
joint by compensating for the unequal expansion between 
flanges and bolts. The bolts were stressed to approximately 
10,000 Ib per sq in. and the outer end of the spring was stressed 
- to about 17,000 lb per sq in. The joint was remade after 1532 
hr service and has since remained tight for nearly 15,000 hr. 
The temperature at the highly stressed outer portion of the 
spring does not exceed 600 F with 1100 F steam in the line. 
The two Delray joints which were designed with a maximum 
spring stress of 62,000 lb per sq in. leak when being placed in 
service due to water accumulation. They tighten up, however, 
_ when this water is evaporated. This design is not recommended 
because of the spring weight and cost. Its use was desirable in 
our case to prevent overstressing the valve flanges which were 
ordered to the 600-lb American Standard before sufficient ex- 
perience was obtained at Trenton Channel with this standard. 


CREEP 


Troubles due to growth or creep of parts, with the exception 

_ of the difficulties encountered with the 600-lb pipe joints, have 

_ been confined almost wholly to the turbine throttle valve. Ex- 

_ cessive growth of the lower ends of the calorized superheater 

_ tubes at Trenton Channel caused their removal before failure 
ecurred. Creep of other parts has been measured but in no case 
where changes have been observed is the creep occurring at an 
alarming rate. 
_ The throttle-valve trouble has been caused by dishing of the 
bonnet-joint flanges, with the result that it has been impossible 
to maintain a tight joint. The body itself also has exhibited 
_ changes amounting to creep rates ashigh as 3.5 per cent per 100,000 
hr based on measurements made during the last 6083 hr of 

- operation. This growth caused slight binding of the main disk 

on one occasion. 

_ Measurements of parts of the turbine, other than initial 
readings, have not been obtained except in the case of the valve 
a _ chest where a special measuring device was provided by the 
= = to determine the overall change in length. The changes 

oe have been insignificant. The last reading obtained 


warping. It is probable that excessive changes have not oc-— 
curred in the turbine. The running characteristics have not 


changed and leaks have not been experienced at any of the - 


bolted joints on the high-pressure cylinder. 

The periodic measurements that have been made of the 
tubes in the Delray superheater are of rather doubtful value. 
Two types of readings are being taken from stainless-steel measur- _ 


ing points; diameters with micrometers and length measure- © 
ments with a special 20-in. micrometer trammel. The close © 


grouping of the tubes has made it impossible to obtain diameters 


other than at the top of the middle section where tube tempera- _ 


tures are in the neighborhood of 900 to 925 F. Wherethelength _ 


readings were taken, sag of the tubes caused by the resistance 
offered to expansion by the cast walls of the setting caused erratic 
measurements of no value as far as creep information is concerned. 
Changes in diameter of three of the 0.30 to 0.40 C, 2!/:-in. O.D., 
7/\-in. wall, steel tubes and three KA2B, 2-in. O.D., 0.203-in. 
wall, alloy tubes observed during the last measuring period of 5005 — 


hr indicates that the steel tubes are growing at an average creep — 


rate of 4.4 per cent per 100,000 hr while the alloy tubes are grow- 
ing at a corresponding rate of 5.3 per cent. The calculated de- 
sign stress for the steel tubes was 2000 Ib per sq in. and for the — 
alloy tubes, 4300 Ib per sq in. Measurements of the headers — 
and fittings in the alloy sections have not been made since the | 
equipment was placed in operation. 

Changes of importance have not been observed at the point of 
maximum design stress of 6200 lb per sq in. in the 8-in. Delray — 
pipe line or in any of the fittings in this system. Measurement 
o fasection of 5!/2-in. O.D. chrome-tungsten tubing in the Trenton 
Channel line showed no change after 7465 service hours. , The 
measurements made on the original 18-8 Trenton Channel pip- 
ing have not been of sufficient accuracy to indicate the small 
changes that have probably occurred under the low design stress 
of 3200 lb per sq in. Dishing of the bonnet flanges of the 600-lb 
chrome-tungsten valve, removed from the Trenton Channel 
piping system after 12,995 hr, amounted to approximately 
0.014 in. on the body flange and 0.011 in. on the bonnet flange. 


The contact faces of the main body flanges dished 0.004 in. on | 


one end and 0.007 in. on the other. 

It has been found in certain instances where diametrical 
measurements have been taken that it is desirable to take more 
than one dimension in the same plane. Part of the change which 
occurs may be due to relief of internal stresses not removed 
during fabrication causing the part to distort or to assume an 
out-of-roundness in no way connected with creep. This fact 
should be kept in mind as well in the measurement of parts sub- 
ject to bending stresses since changes may occur in the plane of 
the bending moment which are not shown because of improper 
location of the measuring points. Welded stainless-steel measur- 
ing points, have been used for all measurements to prevent scale — 


formation from influencing the accuracy of subsequent readings. 


Observations have indicated that higher design stresses could — 


have been selected for certain parts of both installations. The — 
original design was based on a combined stress which would keep _ 
the creep rate of the order of one per cent in 100,000 hr. This — 
was probably too conservative as in certain parts of the installa-_ 


tion, such as piping, creep tends to relieve high bending stresses, © 
thereby dropping the combined working stresses. The so-called 
elastic stresses cannot, however, be entirely disregarded as it is 


necessary during start-up periods to consider the magnitude of | 


forces set up at anchor points and at flanges. bis 


OPERATING EXPERIENCE 
No unusual precautions have been found necessary in the 
operation of either the Trenton Channel or Delray installations. 


The turbine has received more than ordinary attention due pri- 
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_marily to the experimental nature of the unit rather than from 
_ any hazard connected with the use of steam at 1000 F. Major 
troubles have not occurred with either the turbine or the super- 
_ heater. Experience with the Trenton Channel superheater 

_ and piping system has had to do more with pipe joint troubles 

_ already mentioned in some detail. The following remarks re- 
garding operation, therefore, are confined to the Delray ap- 
paratus. 

Operating a turbine with steam at 1000 F is little different 
from operating with lower superheat. The present starting 
_eyele used in placing the installation in operation consists in 
_ starting with steam at 700 to 750 F and applying 30 per cent 
- load to the turbine before the temperature is increased. The 
- same procedure, in the reverse order, is followed in taking the 
unit out of service. It is believed that the use of higher-tempera- 
_ ture steam would tend to complicate the starting cycle be- 
cause of large temperature differences which would exist in 
the turbine. It is the authors’ opinion that units which in the 
- future may be built for operation at 1000 F should be provided 
- with either a low-temperature source of starting steam or a de- 
_ superheater in the turbine lead to prevent the occurrence of 
severe high thermal stresses during the starting period. 

A clearance indicator mounted at the front end of the high- 
_ pressure cylinder showing the movement of the rotor relative to 
- the casing has been used as a guide in determining a safe rate 
_ for changing load or steam temperature. The forged rotor, a 
- smaller metal mass than the casing and in more intimate con- 
tact with the steam, is more responsive to temperature changes. 
_ Its movement is watched, therefore, to prevent going below a 

safe minimum axial clearance of 0.010 to 0.015 in. on the leading 
edge of the fifth wheel. No maximum rates of load or tem- 
perature change have been determined, but load has been ap- 
plied at the rate of 1000 kw per min from 30 per cent to full 
load without producing vibration or a clearance change exceed- 

_ ing 0.045 in. Normally load is changed at a rate of 1000 kw per 

: 3 to 4min and temperature is changed at a rate of 100 F per hr. 
This last rate is an arbitrary one and might be exceeded without 


difficulty. Attention should be given to this detail of running 
clearance in any turbine designed to operate at high temperature 


or under rapidly fluctuating load conditions. 

During the initial period of operation the steam temperature 
was increased in increments of 25 to 50 F above 900 F, allowing 
the unit to operate approximately one week at each temperature 
: until 1000 F was reached. During this period of operation 
growth of the throttle-valve packing sleeve occurred causing 
the stem to bind. The original semi-steel bushing was replaced 
with one having a nitrided surface and no trouble has since 
been encountered. Similar bushings in the five control valves 

also were renewed with nitrided parts as a precaution. 

Recurring leakage of the throttle-valve bonnet joint led to 
the installation of a new and heavier valve casting. 

Upon examination of the high-pressure cylinder interstage 
packing after 3809 hr service, evidence was found of more than 
normal wear, presumably caused by the binding of the packing 
segments against the retaining pin which resulted in rubbing 
during starting. The outer high-pressure shaft packing which 
had been examined on previous occasions indicated a similar 
condition. Recent examination of the outer packing after being 
refitted and subjected to 7422 hr additional service still shows 
wear, but not to the extent previously found. All of the pack- 
ing is of the saw-tooth type made in rings of four segments each. 
The rings are loosely fitted into tee-slots and held in proper rela- 
tion to the shaft by flat leaf springs which allow the packing seg- 
ments to move outward in case of shaft deflection. 

Maintenance figures for the turbine are not in line with other 
turbines operating at lower temperatures because of the experi- 
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mental nature of the unit. It has been inspected at frequent 
intervals and has received more attention in general than nor- 
mally would be thought necessary. With the exception of the 
throttle valve and bushing replacements, no maintenance costs 
of an extraordinary nature chargeable to the high-temperature 
steam have been incurred. 

Expense contingent to the maintenance of the superheater has 
been principally for replacing the small tube-protecting tiles 
in the lower radiant section. The excellent results obtained 
with these tiles cemented to the straight tubes in the Trenton 
Channel unit led to their use for protection of the curved radiant 
tubes in the Delray superheater. Trouble developed at the 
start in maintaining these tiles in place because of insufficient 
clearance between the ends of the blocks and relative movement 
between adjacent tubes which tended to push them out of place. 
Insistence on the part of the manufacturer that operation should 
not be continued at outlet steam temperatures above 900 F 
when any radiant tubes were unprotected led to a change in the 
method of insulating the back of the tubes. Tie bars, holding the 
tubes in groups of twelve, were added to reduce the relative move- 
ment of adjacent tubes and the tile shape was altered slightly to 
provide greater clearance between tiles. These changes have 
materially improved the service continuity of the refractory 
lining. At the present time, should a tile drop out of place during 
operation, the temperature is not lowered and the tube is allowed 
to remain bare until the next shut-down. 


TABLE 10 SERVICE RECORD OF THE TRENTON CHANNEL 
AND DELRAY INSTALLATIONS 


Service Hours—Trenton Channel Installation 


Mar. 4, 1929, to Sept. 1, 1933 
Steam temperature Hours 
Below 360 


= 1,471 
1 4,420 
1050 F 438 
Total hours in service 3, 
Load Duration—Delray Installation 
Oct. 1, 1930, to Sept. 1, 1933 
Load, ——— Hours in service 
percent 700F 800F 850F 900F 950F 1000 F 
20 40 6 2 3 oa 3 
40 191 123 28 106 41 3,545 
60 327 170 60 438 377 1,959 
80 404 139 480 211 85 58: 
100 62 38 19 37 12 1,743 


Hours in service at 1000 F—7,832 
Total hours in service— 11,231 


Water collecting in the U-shaped tubes forming the furnace 
bottom has complicated the starting process somewhat. The 
procedure is to admit no steam to the superheater until after 
the fire has been started and temperatures of about 300 F are 
indicated on the tube thermocouples located at the bottom of 
three arbitrarily selected tubes. The power-operated relief 
valve at the outlet is then opened to provide a sufficient circula- 
tion of steam to carry out any remaining water. Conditions 
are then satisfactory for admitting steam to the turbine for 
starting. 

Up to September, 1933, the Trenton Channel installation has 
been operated for a total of 23,000 hr and the Delray equip- 
ment has been operated for 11,231 hr. The hours of operation 
at various temperatures are shown in detail in Table 10. 


CoMMENT 


In summing up the experience recorded to date with the two 
high-temperature installations, the information that has been 
gained on various types of construction and the results of metal- 
lurgical examinations would indicate that the use of steam 
equipment at temperatures as high as 1000 F is entirely feasible. 
It is safe to say that a plant could now be built to operate on 
steam at 1000 F and that reliable service could be expected. 
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Although the a may have appeared to stress the short- 
comings and difficulties, it is not their intention to convey the 
idea that these are of a serious nature or in excess of the general 
run of troubles to be expected with any equipment of an entirely 
_ new and untried design. 

It is not the purpose of this paper to present the economics 
of such a choice of steam conditions. In the authors’ opinion it 
is doubtful whether such a selection could be justified if high- 
temperature resisting materials now available were used. Fur- 
ther metallurgical research may produce such materials at a 
much lower cost which will in the future give economic justifica- 
tion to the use of steam at 1000 F. 
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_ Rocer Sruart Brown. Time, I am sure, will show that this 
forward step by the engineers and management of the Detroit 
Edison Company in building a steam plant for 200 degrees higher 
temperatures than heretofore in use is a milestone of progress. 
It required a great deal more courage to launch this project in 
1929 and 1931 than it would at present, because in the last two 
years there has been more development and investigation of high- 
temperature metals and their properties than in the last 2000 
years. Messrs. Thompson and Van Duzer deserve specific 
credit for the clear and fair way they have recorded the specifica- 
tions and the results of service of the various materials. Inas- 
much as they point out that the commercial success depends upon 
the availability of less expensive materials than those now in 
_ service, it may be of interest to outline the development of one 
of the less expensive materials tried. 
Calorized steel has been mentioned as tried out in a small 
- way at both Trenton Channel and Delray. Calorizing is a 
process of alloying the surface of steel with aluminum. When 
= to an oxidizing atmosphere the aluminum oxide formed 
on the surface makes a gas tight film protecting the underlying 
steel from scaling. Due to dissociation of the steam with evolu- 
tion of nascent oxygen at high temperatures this prevention 
of oxidation has been found to be as necessary inside the tube as 


4 See also ‘‘The Thermal Performance of the Detroit Turbine Using 
Steam at 1000 F,” by Carter and Ellenwood, A.S.M.E. Trans., 
1934, FSP-56-8, discussion by F. H. Rosencrants. 
5 Sales Engineer, The Calorizing Company, 
Assoc-Mem. A.S.M.E. 
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outside. Unfortunately up to the time of these installations it 
was found impossible to make this surface alloy anything but 
brittle. A start had been made in this direction at the time of the 
Delray installation. When applied to a tube subject to high 
enough internal pressure to cause creep at high temperatures 
the older calorizing surface alloy was cracked when the tube 
expanded by creep. This was particularly evident in the 
Trenton installation because contrary to our desires it was neces- 
sary to have the calorized tubing in an exposed radiant position, 
causing very much higher temperatures than the mild steel could 
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carry without excessive creep. In the later Delray installation 
the reduced tube wall temperature, because of the convection 
bank position, has caused much less creep and the calorizing 
that year was a little more ductile with the result that the surface 
is well preserved. 

At the present time, however, the difficulty has been remedied 
from two angles. The introduction of 0.50 or 1.00 per cent 
molybdenum carbon steel has made possible startling reduction 
in creep for a given stress. For instance, Dr. Clark of the Uni- 
versity of Michigan reports in a private communication that mild 
steel stressed to 2000 Ib per sq in. at 1300 F will creep 5 per cent 
in the first 120 hr and thereafter at about 98 per cent per 1000 
hr. Under the same load and temperature a 1 per cent molyb- 
denum carbon steel after the first initial creep in 72 hours settles 
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down to a straight line creep at the rate of 0.1 per cent per 1000 
hr equivalent to 5 per cent in 50,000 hr compared to 5 per cent 
in 120 hr for mild steel. The same creep 0.1 per cent per 1000 hr 
under 2000 Ib per sq in. is obtained on 0.50 per cent molybdenum 
steel at 1200 F. Yet the calorized 0.50 per cent molybdenum is 
only about 3 times the cost of plain mild steel. The 1 per cent 
molybdenum steel calorized will be about 3.5 times the cost of 
plain mild steel. This is about '/; the price of the chrome-nickel 
stainless steel largely used in the Detroit installations. The 
above price ratios are based on calorizing straight 30-ft lengths. 
It is not so favorable when calorizing “loops.” 

For about 18 months there has been in production a calorizing 
treatment called “heavy duty,” producing a tough adherent 
alloy up to 0.030 in. thick on heavy wall tubes. This will not 
chip and when hot will stretch as far as any bulge a prudent 
operator would continue to allow in operation. This is in use in 
over 30 vapor-phase oil-cracking units delivering 1080-F vapor, 
and in others with oil at 700 to 1000 lb per sq in. and 1050 F. 
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Fig. 7 Crepp CHARACTERISTICS OF CALORIZED 0.50 Per CENT 
MOLYBDENUM STEEL 
(1000 to 1300 F, incl.) 


It has been used successfully also in radiant reheaters for steam 
at 850 F. The latest and largest cracking still in the world, 
with 32,000 barrels throughput daily, is provided at its hottest 
points with tubes 5!/.-in. O.D. X */,-in. wall X 42 f long of heavy- 
duty calorized 0.50 per cent molybdenum-carbon steel. This 
single furnace just referred to is built for a release of approxi- 
mately 340,000,000 Btu per hr. 

Heavy-duty calorizing has approximately the oxidation resis- 
tance of 18-8 KA2 and superior resistance to hydrogen sulphide 
at 1200 F. It has in addition a property which should be in- 
vestigated further, namely, erosion resistance. So far this has 
only been tested against mechanical erosion of turbo- and cutting- 
head tube-cleaners, which may be passed through a heavy-duty 
calorized tube 100 times at only 3 feet per minute with only a few 
thousandths of an inch wear. This should be tried for steam 
nozzles and perhaps for turbine blades—applied on molybdenum 
steel. 

Figs. 5, 6, and 7 show the creep characteristics of certain 
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H. DaHLsTRAND.® Designers of high-temperature equipment 
heretofore have depended upon information obtained from 
laboratory experiments for the selection of suitable materials. 
In steam turbine design, with the maximum temperatures so far 
adopted, this method has proved quite satisfactory. However, 
if higher temperatures are to be adopted in future installations, 
experiments with actual installations of complete power plant 
equipment, like those conducted at Detroit, are most desirable 
as this method will prove whether higher temperatures will be 
both practical and economical. From the practical standpoint, 
therefore, this paper by Messrs. Thompson and Van Duzer on 
the results of this experiment are most valuable as real facts are 
made available to the designers. 

The paper explains in detail the characteristics of all materials a 
exposed to high temperatures and their use in the various parts 
of the equipment. In addition to this information it would seem _ 
desirable that the working stresses in the various parts should be 
given in order to analyze completely the results of the experiment. ‘ 
The stresses are, of course, of variable magnitude in certain parts 
but it should be possible to give information based on maximum © 
and minimum stresses which would still further illuminate the 
information given. 

It would not seem to be necessary to use a high grade and ex- 
pensive alloy steel for valve-body castings and other fittings. 
Ordinarily these parts can be designed for very low stresses and 
the use of a fully annealed material of a lower grade alloy steel 
undoubtedly would have proved satisfactory. It is realized 
that in the selection of material for this high temperature corro- 
sion must be taken into consideration but on parts not rubbing 
or sliding aginst each other the corrosion does not seem to pene- 
trate any appreciable depth. The first corrosive covering ap- 
parently acts as a protection as shown by experience with 
carbon-steel castings exposed to a temperature of 850 F for long 
periods without showing any signs of corrosion. 

The Hecla ATVI steel, a high nickel-chromium austenitic steel 
for blading, is from previous experience a suitable material for 
high temperature. A similar steel with 20 per cent nickel and 8 _ 
per cent chrome (Cyclops No. 17 metal) has been used for blading, — 
for both high temperatures and high stresses, because of its | 
strength at high temperature, high-fatigue strength, and non- | 
corrosive qualities. This steel has been used for a long period of _ 
time at a temperature of 850 F and undoubtedly will be suitable 
for still higher temperatures. 

The experience with the 18-8 alloy used in the tubes of super- 
heaters and in the piping is interesting. Previous experience 
with this alloy indicates that deterioration in the form of carbide 
segregations was experienced. This segregation would seem to 
depend to a large extent on the stress in the material when at 
high temperature. From experiment it has been found that some 
segregation will occur even at as low a temperature as 700 F. 
Judging by the lowering of the impact value reported in the paper 
it is possible that this segregation has proceeded farther than the 
micro-photograph indicates. 

Whether a more readily obtainable and, at the same time, satis- 7 


factory material could have been used for this tubing is difficult 
tosay. High grade carbon steel tubing used for steam piping up 
to 1200 lb per sq in. and 850 F is satisfactory. For this same | 
condition we have adopted a chrome-molybdenum steel for piping 
because it was necessary to design the piping so as to be as 
flexible as possible and with this chrome-molybdenum steel in- 
stead of carbon steel the thickness of the walls could be materially 
reduced. The analysis of this material is given in the following 
tabulation: 


6 Engineer-in-Charge, Steam Turbine Dept., Allis-Chalmers Mfg. — 
Co., Milwaukee, Wis. Mem. 
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: certain length of service. 


fae. the economies of 1000 F are questionable. 


0.20 to 0.35 
0.60 to 0.80 
0.90 to 1.10 
0.20 to 0.30 
0.24 max. 
0.045 max. — 
0.045 max. 


This material is not subject to carbide segregation, has a struc- 
ture that will remain stable and at the same time the required 
physical properties. It is less expensive and can be welded readily. 
Nitralloy steel is not non-corrosive and therefore the experience 
with this material as reported could be expected. For tempera- 
tures up to 850 F nitralloy seems to be entirely suitable for valve 
seats, valve stems, and bushings acting as guides. Apparently 
the surface maintains its hardness up to this temperature, which 
is a highly desirable quality for parts rubbing against each other. 
No corrosion at this temperature has been noticed. There are 
_ various methods used in the nitrating process and it has been 
_ found that the method used has certain influences on corrosion 
and if electrolytic action is present the corrosion will be further 
- accelerated. For the high temperature used in the experiment 
a valve seat and valve made from some alloy steel, that would 
permit welding a light ring of stellite material for the seats and 
then grinding to the required shape, would undoubtedly have 
_ proved satisfactory. Materials used for high-temperature service 
_ should, where possible, be fully annealed as experience has shown 
_ that heat-treated material will gradually be annealed and, there- 
fore, a design based on the heat-treated characteristics may not be 
perfectly safe. 
Various materials have been tried for the bolts and the report 
_ indicates that Seminole Hard steel was the only material that 
- was satisfactory. This material with its extreme hardness is 
Bene to machine and besides, as is evident from the report, 
the high stresses obtained before use dropped considerably after 
It seems, therefore, that a more 
desirable material could have been selected; with a slightly 
lower creep characteristic, similar chemical analysis, and physical 
_ properties which would allow for ready manufacture. Such a 
_ material would be less liable to change its physical properties and 
its higher ductility would render it a safer material to use. We 
are now using a chrome-tungsten steel with the following analysis 
for certain bolting: 


0.045 max. 

‘The physical properties of this steel are: 

Tensile strength, lb per sqin.............. 
Yield point, lb per sq in 

Elongation in 2 in., per cent 


Reduction of area, per cent 
Brinell hardness No 


This material is being used for temperatures of 850 F and above. 
It would be interesting to find out definitely what maximum tem- 
perature with a certain stress this material will stand. SAE-3140 
bolt material has been found satisfactory up to 850 F and has 
been in use for several years without requiring any replacement. 
The authors conclude that, due to the expensive materials 
While 
_ this view may be correct from the standpoint of this experiment 
_ there are certain factors that should be thoroughly analyzed 
before any definite conclusion is made. 
First, materials now quite costly will be, if used to any ex- 
tent, greatly reduce in price. 


Second, certain expensive materials used in experiments may 
be replaced by less expensive material when full knowledge of 
their behavior at high temperature is available. 

Third, with only a very moderate lowering of the tempera- 
ture, say to 950 F, we may be able to use materials that are 
standardized and available at comparatively low cost. With a 
temperature of 950 F the construction of the complete power 
plant would be considerably less because of the elimination of the 
reheat equipment now considered necessary when using 1200 
lb per sq in. pressure and 850 F. 

The efficiency of the steam turbine and auxiliary apparatus 
enter into this analysis. There are certain considerations that 
will determine both the selection of proper materials and the 
efficiency. The design should be such that little or no distortion 
will take place in any of the structures and that the expansion _ 
will be uniform in all directions in order to maintain the correct 
relative positions of all parts. The successful solution of all the 
above factors will determine whether tbe high temperature power 
plant is economically sound from the standpoint of efficiency. _ 

M. D. Enate.’ The Detroit Edison Co. has been the only 
one to pioneer in the field of higher steam temperatures suf- 
ficiently far in advance of common practise to permit a substantial 
increase in steam temperature in a short time. In the past, 
temperatures have been raised fifty degrees at a time, but the 
Detroit Edison Co. has lead the way to an increase of from two 
hundred to three hundred degrees in one jump. 

The principal advantage of the installation is not that it will 
immediately permit others to build stations using temperatures 
of around 1100 F but that it will permit others to proceed with 
900- to 1000-F steam temperatures with confidence and assurance 
that they are not undertaking something that will result in failure 
or insurmountable operating difficulties. 

The authors’ frank discussion of the difficulties encountered 
and the means taken for their correction is a substantial con- 
tribution to the art of steam power generation. 7 

It is to be hoped that the Detroit Edison Co. will continue 
operating these installations at temperatures around 1100 F 
because only commercial operation over a longer period of years” 
will determine the life of such equipment and the maintenance to — 
be expected. 7 

As mentioned by the authors, the fact that equipment designed 
for 1100 F operates satisfactorily, does not necessarily prove | 
that such a design is economically justified. It does indicate, | 
however, that steam temperatures higher than customarily em- — 
ployed are probably justified. The one big difficulty is that wad 
higher the temperature employed, the greater the need for 
steam-temperature control. If we are honest with ourselves we 
must admit that we have not satisfactorily solved the problem of 
controlling steam temperatures even in the more moderate ranges. : 
We cannot satisfactorily control steam temperatures with varying 
load nor with varying cleanliness of the boiler and superheater 
surfaces. 

In using the word “satisfactorily,” the writer has in mind the — 
broader sense. We can, of course, design and build for constant — 
superheat, but the cost and operating complications of the de-— 
signs developed make them far from satisfactory. 

As has been described, the Detroit Edison Co. used a separate, 
oil-fired superheater which was the best design for their purpose — 
but it is far from satisfactory for most installations and is much — 
too expensive. 

Undoubtedly the problem can be solved if the boiler and super- — 
heater manufacturers will bestir themselves and forget some of 
their inhibitions. They can develop a design that will give the 


7 Assistant to Superintendent of Station Engineering Department, © 
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advantages of a separately fired superheater and at nearly as low a 
cost and as simple as the unsatisfactory type of interdeck super- 
heater commonly employed. 

We have discussed this need for a superheater design that is 
really flexible in operation many times during the past decade. 
A superheater that will not maintain a constant temperature 
with varying load on the boiler and varying conditions of com- 
mercial cleanliness is just as absurd as a boiler which must allow 
the pressure to vary for these same reasons. 

The advantages to the manufacturer who develops a satis- 
factory superheater would seem obvious. A pioneer has now 
made the need for satisfactory designs so clear that it can no 
longer be ignored. The Detroit Edison Company has in reality 
issued a challenge and we all hope that it will be answered by 
economical superheater designs suitable for the purpose. 


V. F. Estcourt.’ The authors are to be congratulated on the 
comprehensive picture presented by their paper on a subject 
that is of paramount importance to the central-station industry. 

We realize that the question of flexibility of operation must 
necessarily be one of the last subjects to be investigated. We 
note, however, that reference is made to the fact that the normal 
rate of load change is 1000 kw per 3 to 4 min and that load has 
been applied at the rate of 1000 kw per min. In plants where 
standby operation is essential during certain seasons of the year, 
rates of load change in the neighborhood of 1000 kw per sec from 
10 per cent capacity to full load are not uncommon during inter- 
ruptions to hydroelectric service. Such rates of load change have 
been handled in plants operating at 750 F without any difficulty 
and we would like to ask the authors if their present experience 
with the 1000 F unit has indicated that there would be any in- 
herent reason why a turbine operating at this temperature could 
not be subjected to the same sort of load-change rates. Even in 
stations where standby operation is not a routine problem, there 
are occasions when the turbine is called upon to go through 
sudden load changes and it is to be hoped that further actual test 
data will be available in the future which will indicate just what 
the limitations are in this respect. Consideration should be given 
to both sudden increase and sudden loss of load. 


D. 8S. Jacosus.*'!° The Detroit Edison Company has pio- 
neered in many improvements in power plant construction, an 
instance being in the use of large boiler units in which develop- 
ment the writer cooperated in making tests which were reported! 
at the Annual Meeting of the A.S.M.E. in 1911. The present 
development in the use of superheated steam at temperatures 
higher than so far employed is another example of its enterprise. 

It is perhaps known to few that boilers installed at the Delray 
Station before I cooperated in making the tests of the large 
boilers located there, superheated the steam to such a high tem- 
perature when they were first started up that the station piping 
glowed in the dark. These were relatively small Stirling boilers 
with middle pass superheaters of a design no longer used. As the 
story was told to me, the builders of the boilers were asked to 
supply superheaters for giving the maximum amount of superheat 
obtainable, and those supplying the steam turbines were asked to 
design the turbines to handle the maximum amount of super- 
heat the boilers would give. Because of the extreme condition 


§ Efficiency Engineer, Pacific Gas and Electric Co., San Francisco, 
Cal. Mem. A.S.M.E. 

* Advisory Engineer, Babcock & Wilcox Co., New York, N. Y. 
Mem. A.S.M.E. 

10 This discussion applies also to ‘‘The Thermal Performance of the 
Detroit Turbine Using Steam at 1000 F,"’ by Carter and Ellenwood, 
A.S.M.E. Trans., 1934, FSP-56-8. 

't “Tests on Large Boilers at the Detroit Edison Company,” by D. S. 
Jacobus, A.S.M.E. Trans., 1911, vol. 33, paper no. 1328. 
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which resulted the superheaters were promptly changed to bring 
down the superheat to a more reasonable figure. The instance 
is cited to show the progressive attitude of the Detroit Edison 
Company and its willingness to explore new fields. 


H. J. Kerr.'? When engineers departed from 650 F steam 
temperature, and metal temperature of 800 F, they entered a 
field where trouble was to be expected through oxidation, creep, 
and instability of material. The ordinary methods of quick 
testing were no longer to be depended upon and, in their place, 
it was necessary to develop and substitute tests of long duration. 
Progress, therefore, has been both costly and slow. For this 
reason, more than any other perhaps, we owe to the authors and 
their company our appreciation for the paper which has been pre- 
sented, as it contains a wealth of information only to be obtained 
by long and costly tests. 

Four important questions affecting power generation with 
steam at 1000 F are considered: Operation, troubles, materials, 
and costs. 

Operation of a power plant of 1000 F is shown to require no 
special attenion in so far as the superheater is concerned and 
with the turbine, little more than some extra attention to con- 
trolling the speed of temperature changes. This may well be 
considered an accomplishment. 

The small troubles which have developed are those for which 
simple remedies were available. The superheater wall tube 
bricks gave some trouble in the beginning, due to more water 
and motion than expected. Simply stiffening the tubes, increas- 
ing the clearance for the bricks, and improving the method of 
handling the condensation water have practically eliminated these 
problems. 

Evidently wise decisions were made in the selection of mate- 
rials, and for this reason the paper merits careful study. I 
would like to emphasize certain facts in this connection. In 
the case of the Trenton Channel installation, the requirement 
was 1100 F outlet steam temperature. All tubes were exposed 
to the furnace and the high temperature was limited to these 
tubes and to the pipe line. In reading the paper, it is necessary 
to keep in mind not only the steam temperature, but also the 
actual metal temperatures at various locations in the system. 
Thus, the tubes at the high-temperature end were obviously at 
approximately 1200 F, whereas the piping operates at a tempera- 
ture not above 1100 F. 

For the tubes, the selection of KA2 steel seems to have been a 
wise one. While the metallurgical examination of this material 
after 21,000 hr shows some carbide precipitation, this has, ap- _ 
parently, reached an equilibrium condition and may be im- 
proved in further service. Many other cases of even longer 
life at higher stress and higher temperature have given con- 
firmatory evidence of the value of this material. It is doubtful 
if any superior material is available today for continuous service 
at 1200 F actual temperature, either from the standpoint of oxida- 
tion resistance or creep. Superior stability of the material has, 
however, been obtained by supplying a stabilizing heat-treatment, 
which has been developed in the laboratories of The Babcock and 
Wilcox Tube Company. Tubes now supplied for such service 
would be so heat treated that the amount of carbide precipita- 
tion which would take place in service would be of no moment. 

For the steam line itself, operating at a temperature of 1100 F, 
there might be some question of the selection of KA2 material as 
this temperature is approaching that where a cheaper material 
might be substituted. When both oxidation and creep are con- 
sidered, however, reasonable conservatism would certainly lead 
to the choice of this type of alloy steel. In addition to its 
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corrosion resistance and creep value, this material has the ad- 
vantage of being readily weldable by either the resistance method 
or electric arc methods, and without complicated subsequent heat 
treatment for these service conditions. 

As to the castings for such pipe lines, it should be noted that 
since this installation was made there has been much advance in 
this field, and the present-day tonnage of KA2 castings gives 
evidence of the fact that their manufacture is on a definite com- 
mercial scale. Castings of this material are now being made of 
sections which would be, to say the least, difficult with ordinary 
steel. 

In the case of the Delray superheater, certain conditions were 
fixed by the general conditions at the plant, such as: 


A pressure drop of the order of 20 lb 

A draft loss not to exceed !/2-in. water column 
Entering steam temperature of 700 F 

An efficiency requirement fixed by a temperature differen- 
tial between the entering steam and the leaving gas of 100 F. 


These conditions restricted the maximum velocity of the steam 
through the tubes and the rate of heat input permissible through- 
out the unit. As stated by the authors, the design was on the 
basis of a final steam temperature of 1100 F. 

This requirement of 1100 F final steam temperature, naturally, 
affected the choice of material. While the authors state that 
the unit was designed for this temperature, the paper refers 
throughout to 1000 F as the operating temperature at the turbine 
throttle, and in consequence the reader might possibly be led 
astray on this point. 

With 1100 F outlet steam temperature, tube temperatures of 
the order of 1200 F had to be faced. Therefore, the choice of 
tube material was, at that time and would be today, practically 
limited to material of the KA2 type. Corrosion from combustion 
gases of high-sulphur fuel apparently is not serious at this tem- 
perature and below, whereas above 1200 F the writer has found 
in experiments with mercury boiler ti:bes that intensive corrosion 
effects developed. 

In this connection, Table 2 in the paper is apt to be misleading. 
The table gives a list of materials and their creep values at 1000 F. 
I believe it would be clearer if this table were made up to show 
the creep values and oxidation resistance of the various steels at 
the temperatures at which they were to be operated, and at 
which they have actually operated during this service period. 

The next material to be decided upon was the superheater 
outlet headers and piping. Here again 1100 F conditions were 
to be met. Sufficient knowledge was not available on either 
oxidation in the presence of steam or the creep values of lower 
alloy steels to warrant the chance of failure of this experiment and 
KA2 material was decided upon. Facing the same problem to- 
day, notwithstanding the efforts which have been expended on 
new alloys, the decision would undoubtedly be the same for this 
temperature. 

While the installation has not been operated at the maximum 
temperature given, experience with this material in many installa- 
tions throughout the country, has shown that it has given satis- 
factory service for long periods of operation. Its one objection is 
cost. 

In the latter part of the paper reference is made to creep rates of 
coated carbon steel and KA2 tubes. Evidently, due to a typo- 
graphical error the KA2 tube size is given as 2!/,-in. instead of 
2-in. O.D. Aside from this, the statement made indicates that 
the creep rate of carbon steel at 2000 lb per sq in. stress and for 
KA2 steel at 4300 lb stress is approximately 5 per cent per 
100,000 hr at temperatures from 900 to 925 F. This is hard to 


ane understand, as plain carbon steel pressure vessels of considerable 
ize are in operation over long periods of time with stresses of 
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around 6000 Ib per sq in. and have shown practically no creep. 
Again, we examined lately a number of KA2 tubes of 4-in. diame- 
ter which have been in service in an oil still for 35,000 hr at tem- 
peratures between 1000 and 1100 F and a pressure stress of 
approximately 4800 lb per sq in., and no appreciable creep could 
be detected. Material from these tubes was tested by Professor 
F. H. Norton and within the limits of experimental error the 
same value of creep was obtained as for the new KA2 material. 

Dealing now with the concluding comment of the authors, this 
seems to be a depression statement. I do not know the efficiency 
possibilities of the cycle proposed but if this cycle shows a real 
gain, it would be well to consider carefully its commercial applica- 
tion today, having in mind that while this installation in all its 
details was being developed, metallurgists have been engaged in 
attempting to bring down the cost of accomplishing the results 
desired. Consider what would be required today, in the way of a 
superheater and piping to deliver 1000 F steam at the turbine 
throttle. Assuming a 25 F temperature loss in the steam line, 
which should be on the extreme side, we would need at the super- 
heater outlet a temperature of 1025 degrees. 

For the steam line we need a material which will withstand 
oxidation and have a reasonable creep resistance value at 1025 F. 
We need castings to withstand the same condition. Such 
material is available, not theoretically, but practically. Many 
tons of it have been furnished the oil industry and it has been in 
service at such temperatures for more than two years. | refer 
to 4-6 per cent chrome, 0.5 per cent molybdenum steel. With a 
temperature of 1000 F, a stress of approximately 7200 lb, the creep 
rate would be approximately 1 per cent in 100,000 hr. Its 
oxidation resistance at even higher temperatures has been found 
to be excellent in the oil industry. Its cost is reasonable. 

Next we have the problem of the superheater itself. The 
Babcock & Wilcox Company has manufactured superheaters, 
made entirely of plain carbon steel, to give a final steam tempera- 
ture of 850 F with a metal temperature of about 950 F and they 
are in successful operation. Therefore, to meet the condition of 
1025 F final steam temperature, we need only sufficient surface to 
add 175 F, or approximately 100 Btu, to the steam in order to 
accomplish the result. At the outlet end of the superheater it 
will be necessary to operate the tubes with a metal temperature 
up to 1125 F. Assuming that we need the expensive KA2 mate- 
rial for the final 100 F of the superheater, to impart 60 Btu, surely 
it is not a very serious cost item to face. This leaves a zone of 
from 950 to 1025 F metal temperature for which the same mate- 
rial could be used as for the pipe line, namely, 4-6 per cent 
chrome, 0.5 pe. cent molybdenum steel. Other materials of even 
a cheaper type might be used with less margin of safety. 


H. F. Moors.'* The paper by Messrs. Thompson and Van 
Duzer is an interesting and valuable study of the behavior of 
various heat-resisting alloys under certain high-temperature 
conditions in service. The writer of this discussion is not in a 
position to discuss the details of this paper critically, because he 
has not had experience with power plant operation. However, 
this paper, taken in connection with the various laboratory 
studies of creep of metals at high temperature that have been 
published before this society and elsewhere, does seem to the 
writer to present an excellent example of the place and significance 
of service tests and laboratory tests. 

When a new material, or a new process, is proposed there are 
frequently many who demand an immediate “full-size” test under 
service conditions. Such a test, if conducted at once, is usually 
very expensive, and can cover only a very few of the variables of 
service. Such a service test, undertaken before laboratory tests 
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and theoretical investigations, is very apt to yield very few 
significant results for the expenditure of time and money. 

If, on the other hand, small-scale laboratory tests and theoreti- 
cal investigations are undertaken first, it is usually possible to 
determine with a fair degree of accuracy what variables are 
most important and along what lines a service test can be made to 
show the best results. It is rarely that laboratory tests or 
theoretical investigations alone solve an engineering problem, 
but the supplementary service test or the record of service experi- 
ments can be made far more fruitful if laboratory tests have shown 
the most promising lines of investigation and the most promising 
test methods, than is the case if an elaborate and expensive service 
test is the first step toward solution of the problem. 

The writer believes that this method of laboratory tests 
followed by service tests, as soon as clear indications of significant 
factors are obtained, is finely illustrated by the course of investi- 
gation of the effect of high temperature on the strength of metals. 
The present paper is a useful supplement to laboratory tests for 
creep and of metallographic structure. Future tests, both full- 
size service tests and laboratory tests, can be made more effec- 
tively because of the correlated evidence of these tests of Thomp- 
son and Van Duzer and the laboratory tests which have been 
reported by others. This paper adds greatly to the sense of 
security with which the engineer can design high-temperature 
apparatus. Coming as it does after considerable laboratory 
study of the behavior of metals at high temperature very little 
energy was wasted in unprofitable lines of investigation. 


C. R. Sopersera.'*'5 One of the most important avenues of 
approach to the problem of improving the efficiency of power 
generation is to raise the inlet temperature. The benefits that 
can be brought about by this step are so great and so generally 
appreciated as to require no further comments. At the same 
time, it is also the most difficult of attainment. The importance 
of the step taken by the Detroit Edison Company in exploring 
this possibility cannot be over-estimated, and they are to be 
commended for making the results available in the excellent form 
of the present papers. 

It would be unfair to criticise the present experiment at 
Detroit on the ground that the installation does not give re- 
markably high efficiency, because the original premises of the 
experiment did not include this requirement. There are certain 
points in this connection, however, which cannot be evaded if the 
results of the experiment are to be interpreted fairly. 

In the present instance, it would appear that a certain sacrifice 
in turbine efficiency has been made, in order to insure reliability. 
This is undoubtedly necessary, but the incentive of the higher 
temperature is lessened materially, if it must be accompanied by 
a marked reduction in turbine efficiency. 

The principal incentive for going to higher inlet temperatures 
is undoubtedly the possibility of raising the inlet pressure with- 
out the complication of reheat. The limit in pressure, for 
1000 F inlet temperature is about 1200 lb per sq in. The me- 
chanical difficulties of the undertaking would be greatly in- 
creased if the pressure were raised to this value, and it is not 
unreasonable to raise the question whether the outcome of the 
experiment might not have been changed had it been conducted 
at 1200 lb per sq in. 

There are at the present time in the United States a number of 
turbines of various capacities operating on an inlet temperature 
of 850 F. The principal items of trouble are related to the 


14 Manager, Turbine Apparatus Division, Westinghouse Elec. and 
Mfg. Co., Philadelphia, Pa. Mem. A.S.M.E. 

; 16 This discussion applies also to “‘The Thermal Performance of 

the Detroit Turbine Using Steam at 1000 F,"’ by Carter and Ellen- 

wood, A.S.M.E. Trans., 1934, FSP-56-8. 


phenomenon of scale deposits on the blading due to impurities 
carried over by the steam. Turbine developments in the way 
of materials and processes have gradually made the conse- 
quences of such deposits less serious to the turbines, but the real 
seat of the trouble has not yet been removed. This problem must 
be solved by the boiler designers and there is no exaggeration 
in the statement that the progresses toward higher pressures 
depends entirely on the successful solution of this problem. It is 
of equal importance for the progress toward higher temperatures, 
because higher temperatures are of interest only as a means of 
utilizing the higher pressures more economically. Barring the 
scaling problem, however, the 850 F turbine may now be re- 
garded as entirely practical. 

Certain projects have been carried out in Europe, utilizing 
temperatures of 932 F (500 C) and 2000 lb per sq in. with one 
stage of reheating for turbine units of about 50,000 kw. The 
boilers in these installations are of the Léffler type and it appears 
that the scaling problem is not serious. Turbine troubles have 
been encountered, but these seem to have been overcome. This 
appears to come pretty close to the temperature of the Detroit 
project, but the step between 932 and 1000 F is in reality very 
large. 

In planning for the future, there is a question whether it would 
not be advisable to approach the maximum practical tempera- 
ture in small steps. It is entirely possible that 1000 F, when 
applied in conjunction with high pressures and large units, will 
be found too high. It is certain to give trouble if applied at 
present to large 1800 rpm units. 

Regardless of what the ultimate temperature will be, the 
Detroit experiment will remain a milestone of real importance, 
and the results given in these papers are certain to affect power 
plant development in a fundamental manner. 


A. E. Wuite.'* This paper sets forth in an exceptionally clear 
manner the experience of The Detroit Edison Company with 
metals in high-temperature power-plant service. Until recently, 
practically all of the metals used in power plants were either 
wrought iron, wrought steel, cast iron, and cast plain carbon steel. 
Within recent years cast plain carbon steel has taken the place of 
cast iron and wrought steel has taken the place of wrought iron. 
Of course metals other than these have been used for various parts 
such as in valve trim and in other special places. Likewise, cast 
iron still finds a use in certain parts of units entering into boiler 
construction such as in grates, and in certain sections of stokers. 

Beyond question, there is no need to find special metals suit- 
able for high-temperature service when operating temperatures 
are held to 850 F. With temperatures much above 850 F, how- 
ever, ordinary plain carbon steels are not suitable as they do not 
possess sufficient strength over long periods of time. 

This condition was recognized at the time the 1100 F super- 
heater was built so that various types of alloy steels were used 
in its construction and in the piping system connected with it. 
The writer, who was in close touch with this installation, did 
not unduly fear trouble because of metal failure nor did he 
anticipate that there would be considerable difficulty in main- ‘ 
taining the flanged pipe joints free from leakage. This latter 
trouble was encountered but he is pleased to note that by changes 
in flange design and the use of better bolting material the leakages 
have been materially reduced. He feels, however, that the 
best way to eliminate this trouble would be by resorting to welded _ 
construction. 

At the time this construction was started there was a general ie, 
feeling on the part of many persons that the only suitable material 
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for high-temperature properties was material of the austenitic 
type. Many scientists held that all steels, even alloy steels, 
of the pearlitic type would show high-temperature properties not 
greatly dissimilar from those found in plain carbon steels. The 
writer was among the few who felt in those days that various types 
of low-alloyed steels would be found to have good high-tempera- 
ture properties. It is interesting to note in this paper that a 
number of low-alloyed steels were used and that in consequence a 
performance record with regard to them is available. These 
steels, of course, have an advantage over the austenitic type of 
steels in that their cost is considerably less. This is an important 
feature which must be given consideration in commercial in- 
stallations. 

It is not contended either by the writer or, I am sure, by the 
authors of this paper that all of the available low-alloyed steels 
have been tried. In fact, it is questionable if many of them have 
even yet been developed. The act is now in that stage in which 
literally hundreds of low-alloyed steels are receiving consideration 
and it will only be after several years of experiment that we can 
expect to arrive at the few most suitable compositions. What 
the power plants will pass through in the next few years in this 
respect is analogous to what the automobile manufacturers passed 
through a few years ago in the matter of the selection of proper 
materials for the various parts in an automobile. The selection of 
suitable materials is by no means a simple matter, for wherein 
one material has decided advantages in one way, another material 
has advantages in another. For instance, the experience with 
the use of KA2B is a casein point. This is an alloy of the austen- 
itic type with between 2 and 2.5 per cent silicon which was added 
ostensibly to increase resistance to oxidation. The addition of 
this larger amount of silicon made the alloy extremely difficult to 
fabricate into long tubes. The result was that only short sections 
for the most part were available and the desired length had to be 
secured by welding. 

Attention is directed to the reduction of the Izod impact value 
on some samples of 18-8 alloy after different service periods. It 
is interesting to note that the drop in impact is not as great at 
1000 F as it was when the tests were made at room temperature. 
This is a matter worthy of receiving our consideration because 
without an appreciation of this fact, we may be apt to condemn a 
material as being too brittle on the basis of tests at room tempera- 
ture when it has undergone little change in brittleness at the 
operating temperature. It is hoped that the authors are correct 
in assuming any failure that may take place in an 18-8 alloy will 
not occur without warning. We have too little operating experi- 
ence, as yet, to make any definite statement with respect to this 
matter. We do know that failures of 18-8 have taken place in oil 
refineries without warning. Of course, the conditions may be 
different as the operating temperatures are higher and as other 
conditions of operation are different. 

Castings have been, and still are, potential sources of trouble 
in pipe line installations. The metal is not always, if ever, as 
sound as wrought material, and in no case has it had the benefit 
of mechanical work. Whether or not one of these conditions 
accounted for the low impact values in the desuperheater metal 
and in the flange metal given in Table 5 is a question. It is 
presumed that such was the case. Also it is reasonable to suppose 
that the low tensile strength in the desuperheater metal was due to 
unsoundness. 

For a number of parts it is highly desirable to have a surface 
which will resist oxidation. Calorizing has possibilities in this 
connection and it is interesting to note that we may look for a 
more ductile aluminum coating. 

The paper is most interesting in that it shows quite clearly 
that nitrided surfaces in the presence of superheated steam 
undergo a deterioration. We all regret the necessity of making 


this observation because we would all like to see good perform- 
ance from nitrided surfaces. 

The data with regard to the bolt stock is most interesting. 
It is quite conclusive that tungsten is more valuable than chro- 
mium especially at the temperatures in question in maintaining 
proper high-temperature strength. This is true at 1100 F, al- 
though it is felt that at temperatures of 1000 F the lower tungsten 
alloy would be found quite suitable. 

In conclusion, the writer wishes to compliment the authors 
on the very full analysis which has been made of the various 
metals used in this installation. Though considerable judgment 
can be formed with regard to the service which may be expected 
from various metals as a result of a knowledge resulting from 
physical tests, it is only through the acid test of experience that 
the feasibility of various metals and alloys for high-temperature 
service can be fully determined. 


I. E. Mouttrop.'?!8 The engineering world was somewhat 
startled a few years ago by the announcement that the Detroit 
Edison Company was prepared to investigate the use of steam at 
temperatures up to at least 1000 F and had actually ordered a 
10,000 kw turbine-generator and superheater for this purpose. 

This was the most interesting information received by the 
central-station industry since the Boston Edison Company an- 
nounced its decision to test the use of steam at 1200 lb per sq in. 
pressure and 700 F. At the time this decision was made 700 F 
was about the highest temperature any manufacturer was will- 
ing to meet. The desire to obtain a better thermal efficiency has 
been one of the aims of power-plant engineers for years and at the 
time the Boston Edison Company made its announcement the 
more practical ways of obtaining this end were through the use of 
higher pressure or higher temperature, or both. 

The step to 1200 lb per sq in. seemed revolutionary at first 
but a little careful reflection indicated that it was a sound step 
and after all not as revolutionary as it appeared. However, 
there is a definite financial limit to the use of elevated pressures, 
namely, that point beyond which the increased carrying charges 
amount to more than the gain in efficiency. In other words, 
while thermal efficiency might be improved, dollar efficiency 
would be less. Pressures of 1200 to 1400 Ib per sq in. seem to be 
about as high as can be utilized economically at the present 
time. 

The use of much higher temperatures would seem to be the 
next step toward improved efficiency but it is one that involves 
more problems and more risks, and calls for considerable courage. 

The use of steam at higher pressures and temperatures is 
really a question of economics with a diminishing return. There 
is also the humanitarian aspect as affected by accident hazard. 
We know that it is not difficult to obtain metals of the proper 
characteristics to withstand pressures of almost any amount but 
when the element of temperature is added we find that in order to 
obtain materials of the proper characteristics we have to enter 
the field of alloys. My experience has been that alloys are 
usually expensive and that they often become unstable after 
having been in use a certain length of time. The element of 
creep is added also; a consideration which may change the pic- 
ture completely. 

The operating experience at Detroit as related in these papers is 
very interesting. The authors state that operating at these 
higher temperatures is little different from operating at normal 
pressures and temperatures. It appears in the progress of the 
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paper, however, that extreme caution was exercised and that 
great care was considered necessary in bringing the steam up to the 
high temperature in the superheater, as well as in starting up the 
turbine and bringing it up to temperature. This, of course, was 
to be expected. 

The fact that such precautions are necessary in changing load 
on this apparatus indicates that a unit of this type is better 
adapted to base-load, continuous-operation conditions than to 
operation under varying conditions. This point should be taken 
into consideration in deciding the question of whether one should 
accept extremely high temperature in designing for central-station 
use. 

There are at least four other elements which should be given 
careful consideration in arriving at a decision as to the adoption of 
higher temperatures: capital cost, use factor, maintenance, and 
accident hazard. 

The experience of the electric-power industry in the past 
several years should have taught us that anything that affects 
the capital cost or limits the use factor should be studiously 
avoided. Any increase in the cost of equipment becomes a lia- 
bility which never can be escaped. In the writer’s opinion it is 
better to muddle along with equipment of a somewhat lower 
thermal efficiency, if by so doing we can avoid much increase in 
capital charges. 

In the matter of maintenance, it is not always true that high 
maintenance charges are entirely unjustified. If by incurring 
higher maintenance charges the over-all efficiency can be im- 
proved, the higher cost of maintenance may be entirely justified. 
The mere fact that maintenance charges per month are beyond 
our habitual expectation does not necessarily mean that they are 
not justified. 

Accident hazard should be given due consideration in the 
design of any type of station and the choice of any material 
which tends to increase the accident hazard should be avoided. 
If the success of any equipment depends upon materials, the life of 
which cannot be readily predicted or of which the condition can- 
not be observed, or if there is likelihood that the material may 
become weakened in use to such an extent as to cause rupture of 
the material, its use should be avoided. 

These papers are very instructive and the facts brought out 
by them are of great value to the profession but the conclusion 
at which the writer arrives from their perusal is that we need to 
know a great deal more about available alloys, their properties, 
and dependability before we advance very far beyond our present 
standards in the design and use of high temperatures for central- 
station practise. 

It is interesting to note that the Detroit Edison Company 
thought it advisable to buy a turbine of English manufacture 
while the superheater, piping, etc., were domestic products. 
This is a little surprising when one considers that the superheater 
and piping connections to the turbine get the greatest punish- 
ment from high temperature. To be sure, the turbine throttle 
valve and nozzles also get this same punishment, but the bulk of 
the turbine is subjected to somewhat lower temperatures. 

There is no question but what the British Thomson-Houston 
Company builds a very fine machine, and their designing engi- 
neers are second to none in the world. Some of us feel, however, 
that the American turbine builders are equally as capable and it 
is to be hoped that in the near future we can have an Ameri- 
can-built machine installed under similar conditions. 

In connection with this endeavor for improved thermal 
efficiency, it should be borne in mind that thermal efficiency is 
only one of the problems facing the power-plant engineer. Carry- 
ing charges on the complete plant is one of the most important 
items and, with a low load factor, could become the most impor- 
tant item over a period of years on the average plant. 
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I am inclined to believe that the most successful operating 
company of the near future will be the one which does not neces- 
sarily have a record-making generating plant from the standpoint 
of thermal efficiency but which has the lowest overhead. In 
other words, a company may be successful in paying reasonable 
dividends to its stockholders while operating a power plant 
which is far from the top as far as thermal efficiency is con- 
cerned. 

Power-plant engineers the world over owe a debt of gratitude 
to the Detroit Edison Company and its engineers for making this 
interesting experiment and for telling the world so frankly and in 
much detail about their experiences and the results to date. 
They should be commended especially for their frankness in 
summing up the results of their work. 


AvuTHORS’ CLOSURE 


The authors appreciate the scope as well as the number of 
discussions that have been presented. The subject is one upon 
which comments are necessarily quite general; therefore, the 
authors will attempt to answer specific questions only. 

fr. Dahlstrand has inquired regarding the working stresses 
in the various parts—a question which is especially pertinent 
to a paper of this nature. Unfortunately, the stresses encoun- 
tered in the high-pressure cylinder of the turbine are not avail- 
able other than in a statement by the makers that no design 
stresses over 5000 lb per sq in. were used for the parts fabricated 
from the nickel-chromium-molybdenum alloy. Working stresses 
for the essential parts of the superheater, based on a leaving 
steam temperature of 1100 F, are given in Table 11. The al- — 
lowable stresses used in the design were two-thirds of the stress 
required to produce creep at the rate of one per cent in 100,000 
hr. All the values given in Table 11 are below these allowable 
stresses, the highest actual stress being 7400 lb per sq in. for the © 
middle-section outlet header. In Table 12 are given the design 
stresses for flanged joints and tubing in the Trenton Channel 
and Delray piping systems. The flange and bolt stresses were | 
calculated at room temperature with full pressure in the line 
without considering the effect of bending moment. Actual 
working stresses for these joints are not given due to the un- | 
certainty of assumptions, such as the effect of creep and expansion, 
that are necessary in their calculation. They are much less, 
however, than the calculated values, because of the effect of 
rapid initial creep and rearrangement of the gasket faces. A 
calculation of the tubing stresses was made on the assumption 
that the material behaves elastically at 1000 to 1100 F. This 
method does not give the correct working stress as the material 
is approaching the plastic state at the operating temperature. 
It does, however, give an indication of the magnitude of the 
stress and one that is greater than the actual. 

We quite agree with Mr. Dahlstrand that it should not be 
necessary to use high-grade and expensive alloy steel for fit- 
tings and valve-body castings. In the Delray installation, all 
fittings and valves were made from low alloy steels with the ex- 
ception of the superheater outlet fittings. These were furnished 
by The Babcock & Wilcox Company from cast 18 chromium, 
8 nickel steel because the superheater specification named an 
outlet steam temperature of 1100 F. 

We have more or less anticipated Mr. Dahlstrand’s suggestion 
regarding the use of Stellite for valve seat and disk material. 
Stellite No. 1, deposited with an oxyacetylene torch, has been 
used for the past several years in repairing valves in sizes up 
to three inches with very good results for both 400-lb saturated 
and 400-lb, 725-F steam service. In view of the excellent re- 
sults obtained with this material, a 5-in. gate valve was installed 
at the outlet of the Trenton Channel superheater. One side was 
trimmed with Stellite No. 1, having a Brinell hardness of 512, 
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TABLE il CALCULATED panes FOR PARTS OF THE DELRAY SUPERHEATER 
ti 
Part 


ture, 
F 
2-in. O.D., 8-gage tubes 
1-in. O.D., 10-gage tubes 
2-in. O.D., 6-gage tubes cA2B 
21/s-in. O. D., 7/\e-in. wall tubes> 0.30-0.40 C steel 
-in, O.D., $/s-in, header KA2 
2-in. O.D., ‘Vein. wall tubes KA2B 
0.D., 13/s-in. header KA2 
10-in. outlet flange, modified, KA2 
600-lb Am. Std. Sarlun type 


Stress, 
lb per sq in. 
Allowable 


6750 


9000 
7800 


7800 
7800 


Material Remarks 


Located in upper section 
Radiant tubes in middle section 
Located in middle section 
Located in middle section 
Middle-section outlet header 
Located in bottom section 
Outlet header 
Flange 4 in. thick with 13/s-in. bolts. Stress 

based on unit gasket pressure of 4 

8.S8.P. with pressure acting 

® Stress with 1100 F exit steam, from calculations supplied by The Babcock & Wilcox Company; allowable stress is two-thirds of stress 
pretense creep at the rate of one per cent per 100,000 hr. 

b Supplied by the Superheater Company; sprayed and calorized tubes. 


TABLE 12 CALCULATED STRESSES FOR HIGH-TEMPERATURE FLANGED PIPE JOINTS AND PIPING 


aves 


gasket pressure 
Description 


1 X S.S.P. with 
pressure acting, 
5-in. flange, 600-lb Am. Std., Sarlun type 
5-in. flange, modified 900-lb Am. Std. 


b per sq in. 
5-in. flange, modified 1350-lb Am. Std. 


5400 
5400 


required to 


Operating 
tempera- 
ture, 

F 


Stress, as 
made up, 

Ib per sq in. 
Flange Bolts 
29,000 48,000 

7,900 10,000 


8,100 10,000 


Material 
Rezistal 2C 
KA2 


Remarks 
Original joints at Trenton Channel 
Trenton Channel; flange, 3%/s in.; 
bolts, 11/2 in. 
Trenton Channel; 


1100 
1100 
KA2 1100 flange, 4'/2 in.; 


Era 131 
SAE 3240 
SAE 3240 
KA2S 


1000 
1000 


1000 
1000 


3600 6000 
1700 2200 

with hairpin springs 
8-in. flange, 900-lb Am. Std. 


1300 1600 
8-in. flange, 1350-lb Am. Std., Sarlun type 
81/3-in. O.D., 5/s-in wall tubing 


Flange Bolts 
10-in. flange, 600-lb Am. Std., Sarlun type 


51/e-in. O.D. 3/s-in. wall tubing KA2 1100 


@ Stress calculated by The Detroit Edison Company at room temperature, with full working pressure, using Waters-Taylor formula. 


neglected. 


and the other side was trimmed with the No. 6 grade, having a 
Brinell hardness of 402. The valve was examined after ap- 
proximately 6000 hr of service at 1100 F. The body seat 
rings, likewise faced with Stellite, were in the same condition as 
when installed, while the trim on both sides of the disk had small 
hairline cracks. It is possible that a ring thicker than '/g in. 
might have prevented the formation of these cracks. Good re- 
sults have been obtained, so far, at 1000 F with “Platnam” 
metal, a trim material developed by Hopkinsons, Ltd. 

It was not the authors’ intention to imply that Seminole 
Hard was the only satisfactory bolting material, as seems to have 
been inferred by Mr. Dahlstrand. In the two installations, and 
particularly at Trenton Channel, its use has resulted in the least 
maintenance. We are inclined, therefore, from this experience, 
to consider it the most satisfactory material for the purpose. 
The higher cost of Seminole Hard bolts as compared with bolts 
made of steels having lower physical properties is more than off- 
set by the decrease in joint maintenance. On the other hand, the 
chrome-tungsten material mentioned by Mr. Dahlstrand would 
undoubtedly be a suitable bolting steel for high-temperature 
service, judging from our own experience with this alloy in the 
cast state for both fittings and valve bodies. Its use should 
be considered the next time such an installation is made. 

In regard to the question of flexibility of operation raised by 


bolts, 18/4 in. 

Delray, spring stress—62,000 lb per 
sq in.; bolts, in. 

Delray; backing- -up flanges for full- 
strength pipe weld 

Delray 

Delray; max. stress, 6200 lb pers 
in., includes bursting stress an 
bending stress due to expansion 
calculated at 1000 F and assuming 
material in elastic condition 

Trenton Channel; max. stress, 3200 
Ib per sq in., calculated at 1100 F 
See, also, above note 


3900 


Bending moment 


Mr. Estcourt, the authors know of no inherent reason why a 
unit designed for 1000 F and for rapidly fluctuating load cannot 
be operated successfully. Experience with the Delray unit 
would indicate that the question is one of providing sufficient 
axial wheel clearance to compensate for the more rapid expansion 
movement of the rotor during sudden load change. 

The creep values and oxidation resistance of the various ma- 
terials at their operating temperature would be a desirable ad- 
dition to Table 2, as mentioned by Mr. Kerr. These data were 
not obtained because of the extensive testing work which would 
have been required. 

The authors are likewise at a loss, as is Mr. Kerr, to under- 
stand the high rate of creep observed on the KA2B tubes 
and on the coated carbon-steel tubes in the middle section of the 
Delray superheater. It is possible that the values given may 
decrease appreciably with the passage of time. 

In connection with the creep stress of 7000 lb per sq in. given 
for Seminole Hard in Table 2, this value is an average one for 
this material. Coffin and Swisher!® have reported values from 
6500 to 10,500 lb per sq in. on a similar steel tested at 1022 F. 


19 Coffin, T. H., and Swisher, F. P., 
Temperatures,” A.S.M.E. Trans., 
54-6. 


“Flow of Steel at Elevated 
vol. 54, 1932, paper APM- 
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_ This paper gives an exposition of the various items which 


Turb 
Steam Turbines 
By ERNEST L. ROBINSON,! SCHENECTADY, N. Y. 


preferably as a per cent of total energy theoretically avail- — 
able for conversion to switchboard power. 

With a particular exhaust operating at fixed steam “oon 
ditions, the leaving velocity and exhaust loss increases 
roughly as the square of the load (parabolic rule). 

With a particular exhaust passing a fixed flow, increasing © 
the total available energy in the higher stages of the tur- 
bine by improved steam conditions correspondingly re- 
duces the percentage loss in the exhaust (hyperbolic rule). _ 

With a fixed percentage loss in a particular exhaust the © 
power may be increased by improved steam conditions as | 
the */.-power of the total available energy by increasing the © 
flow to the condenser. 

Base-load operation justifies more liberal exhaust areas © 
than peak-load service but in the ultimate the heat-rate- _ 
load curve is the characteristic which is of most impor- 
tance to the operator and second only to the reliability of 


_go to make up the leaving velocity and exhaust loss of a 
steam turbine. The importance of this loss and the ra- 
_pidity with which it increases at high loads cause it to bea 
determining influence in fixing the economic rating of a 
-machine. The several elements necessary for an analysis 
_ are each evaluated in a fairly direct, although sometimes 
approximate, manner. More detailed and precise esti- 
| mates might be made but are beyond the intent of this 


‘Paper. 


The loss in question occurs in the exhaust hood between 
the last wheel exit and the exhaust flange to the condenser. 
It is made up both of kinetic energy loss and of pressure 
_ loss through the hood and each effect varies with load and 
with location around the wheel annulus. Moisture is 
allowed for; supersaturation neglected. 

The total loss may be expressed in Btu per pound flow 


to condenser or as a per cent of adiabatic heat drop or performance. 
NHE most important single loss ina condensing steam T 
turbine is the “leaving loss,” “exhaust loss,” or Kk, | fr 
“leaving-velocity loss”’ as it is variously called. There 2 
isa very general understanding of the magnitude and im- © S ete ete at 
portance of this loss. But there is no set standard as Ny Dy oe wae 
the items properly included under the heading nor as gic ot 
to the manner in which the loss is to be evaluated for wh BS fe A 
comparative purposes. = j 7 
The importance of this loss and the rapidity with Sx 
which it increases at high loads cause it to be a determin- 900 a 
ing influence in fixing the economic rating of a machine (see Y Ze 


Hypravutic ANALOGY 


The leaving velocity and exhaust loss from a steam CAPACITY, KW. 


turbine may be likened to the tailrace loss of a water wheel. 
if the tailrace runs downhill, there is a corresponding DF = Bouate FLOW 
loss of head—the wheel setting should have been lower. 
Fie. 1 Ranees or Economic RatIne 


If the tailrace runs level there is the loss of velocity head 
only, which may be small if the cross-sectional area is gen- 
If the tailrace runs smoothly uphill into quiet 
water, the leaving velocity is recovered because the wheel 


(Structural considerations limit the maximum annulus area at any speed to slightly . 
less than in inverse proportion to the square of the speed. Thus a single exhaust 
of limiting size at 3600 rpm may be expected to handle not quite one-quarter 


erous. as much capacity as a single exhaust at 1800 rpm.) 


operates under a gross static head greater than its net head by 
_ the velocity head converted in its tailrace. 


1 Turbine Engineering Department, General Electric Co. Mem. 
A.S.M.E. Mr. Robinson was graduated from the St. Lawrence 
University in 1911 and from the Harvard Graduate School of Applied 
Science in 1914 (M.C.E.). For three years he was engaged in con- 
struction work and the design of steel and reinforced-concrete struc- 

- tures in New York and in water-power engineering in New England. 

_ During the war he served in the Oise-Aisne offensive as first Lieuten- 
ant with the 302nd Engineers, U.S. A., and later as Captain and 
Adjutant of the 2nd Engineer Training Regiment. For the past 
fifteen years he has been employed by the General Electric Com- 
pany in its Turbine Engineering Department. 

Contributed by the Power Division and presented at the Annual 
Meeting, New York, N. Y., December 4 to 8, 1933, of Taz AMERICAN 
Society or MECHANICAL ENGINEERS. 

Notre: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 


A, 


In the water wheel one deals with low velocities but a heavy 
fluid. With steam one deals with an exceedingly rarefied fluid 
but with velocities which are correspondingly high and with a 
kinetic energy content which varies with the square of the 
velocity. 


MANUFACTURER’S VIEWPOINT 


It is the intention of this article to discuss the more important 
items contributing to the leaving-velocity and exhaust loss of the 
steam turbine from the manufacturer’s point of view. Typical 
curves will be given for a 35,000-kw turbine by way of illustration, 
but there is no intention of going into the finesse of design or of 
giving detailed formulas or test data. For reasons which will 
appear, it does not seem desirable to standardize any calculations 
or to recommend any set expressions or formulas. This does not 
mean that suitable comparisons among designs should not be 
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made. The idea is that each comparison should be made on its 
own merits. 


Résumé or Items 


The several items of the leaving velocity and exhaust loss may 
be listed as follows; this list being intended to cover all losses 
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Fig. CoNnDENSER FLow 


(35,000-kw extraction-feed-heating turbine opsseting at 250 lb per sq in. 
gage, 700 F, and 1 in. Hg.) 


Goo 


$50 


S 
8 
G 


ABSOLUTE PRESSURE,/NM.HG 


Fie. Speciric VotuME or STEAM APPROACHING 1 IN. Ha 


ABS PRESSURE AND 10 Per C ENT MoIsTUR RE 


ANNULUS PRESSURE 


44000 aw 


Rev 


Fic. 4 Ve vociry Diacrams A, B, C, anp D ror SteAM EMERGING 
From Last Bucket or a 35,000-Kw TurBINE 
(Figures are velocities in ei sec except for the heat equivalents in Btu 
per lb of the kinetic energy of absolute exhaust velocity. ach diagram rep- 
resents a particular annulus volume flow, as indicated. The volume may be 
made up of a larger weight of denser steam ora —_— weight of more rarefied 
steam. See Fig 
existing in the exhaust hood between the exit from the wheel 


annulus and the exhaust flange: _ 


(1) 
(2) 
(3) 
(4) 


Normal velocity loss 
Loss due to tangential component, or whirl loss 
Eddy losses, associated with non- -uniformity of flow 


In evaluating these items it is necessary to consider the follow- 
ing: 
(5) Moisture content of the steam 
(6) Possibility of supersaturated expansion. : 
We shall rule out from this discussion: 
(7) Consideration of radial velocity in an axial-flow annulus 
(8) Eddy loss associated with edge thickness of buckets. 


This last is properly chargeable to the nozzle and bucket 
efficiency and the stream is supposed to have healed into a cylin- 
drical jet on emerging from the wheel annulus. This latter 
ruling is, of course, arbitrary. The N.E.L.A. Prime Movers 
Committee Report on Turbines, No. 234, July, 1932, recommended 
correcting for bucket-edge thickness, thus in effect charging the 
bucket-edge loss to the exhaust loss rather than to the bucket. 
Suffice it to say that in any case it should not be charged twice 
and the manner used should be clear in any particular case. 


TypicaL CurvEs 


Fig. 2 is the load-flow curve for a 35,000-kw turbine operating 
at 250 Ib per sq in. gage pressure, 700 F temperature, and 1 in. 
Hg abs back pressure with two stages of extraction for feedwater 
heating. 
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Fie. 5 RevatTion BetTweeN ANNULUS PRESSURE AND WEIGHT 
FLow For 1 In. He Ass PRessURE AT THE FLANGE FOR A 35,000-Kw 
TURBINE 


(The dotted lines A, B, C, and D for constant annulus volume flows corre- 
spond to the velocity diagrams in Fig. 4 and show the relation between an- 


ae nulus pressure and weight flow for varying exhaust flange pressures.) 
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KINETIC ENERGY LOSS 
BTU. /L8B. AT SPEED 
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_ ANNULUS VOLUME FLOW, CU FT. PER SEC. 


Fic. 6 Kinetic-Enercy Loss THaTt FRACTION oF THE STEAM 
Wuicn Crosses THE ANNULUS OF A 35,000-Kw TURBINE AT SPEED 


(The moisture moves at very low speed. For 1 in. Hg abs oom at ~ 
exhaust flange and the exhaust-hood drop shown in Fig. 5, the points A, 
B, C, and D correspond to the actual kinetic gnarey leaving loss and also 


to the several diagrams in Fig. 
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FUELS AND STEAM POWER 

Fig. 3 gives the pressure-volume line for the exhaust of this 
turbine for an average moisture content. The variation from 
this line does not exceed approximately 1 per cent and is neg- 
lected. 

Fig. 4 is a series of velocity diagrams characteristic of the 
last bucket exit in which we are interested only in the absolute 
exit velocity through the wheel annulus. 

By way of identifying the conditions of operation to which 
these diagrams apply, it should be noted that each represents a 
definite volume flow, and Fig. 5 gives the corresponding lines 
for various weight flows and absolute pressures at the annulus. 
The heavy line shows, for a pressure of 1 inch Hg abs at the ex- ; 10,000 20,000 36 
haust flange, what the annulus pressure will be at the several KW. 
weight flows corresponding to the different loads of Fig. 2. Fic. 9 Tora. InrscraTep Kinetic-Enercy Loss Per Ls or 

By associating each annulus pressure with a corresponding STEAM AT SPEED IN THE ANNULUS OF A 35,000-Kw TURBINE 


velocity diagram, it is possible to plot Fig. 6 showing the kinetic (This is the average for the entire annulus area and applies to the dry 
energy of the exhaust steam in Btu per Ib of steam at speed portion of the steam only since the moisture moves at very low velocity.) __ 


KINETIC ENERGY LOSs 
BTU/LB. AT SPEED 


It is necessary to bear in mind that the annulus pressure is not 
uniform and Fig. 7 shows how it varies around the circumference 
for two flows approximating full load and half load, in each case 
for a pressure at the exhaust flange of 1 inch Hg abs. 

The kinetic-energy content in Btu per lb of steam at speed 


around the annulus is shown by Fig. 8 for the same two flows as 
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ANNULUS PRESSURE 


AVAILABLE ENERGY LOSS BTU/LB TOTAL FLOW 


To CONDENSER 
LA/SEC 


Fic. 10 AvaAILABLE ENeERGyY Loss Dve To Pressure Drop 
THROUGH THE ExHaust Hoop From THE WHEEL ANNULUS OF A 
35,000-Kw TO THE ExHausT FLANGE 
LB/SEC (If the wheel annulus could exhaust directly at 1 in. Hg abs pressure, 


yam the adiabatic energy available ahead of the last wheel exit would be increased 
——" by the amount shown.) 
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Fig. 7 VARIATION OF ANNULUS PRESSURE AROUND THE PITCH 
CIRCLE OF THE ANNULUS OF A 35,000-Kw TURBINE FOR Two 
SpreciaL WEIGHT FLows, 85 LB pER Sec AND 45 LB PER SEC gpa? 

(The irregularity is due to the quarter turn of the hood and its internal 
bracing. Lack of symmetry is due to the tangential component in the ex- 


aust velocity.) 


> 


AVAILABLE ENERGY LOSS 
BTU/LB.TOTAL FLOW TO CONDENSER 


DEVELOPED ANNULUS 


Fig.11 Variation AROUND THE ANNULUS OF AVAILABLE ENERGY 

— 760° Loss Dur To Pressure Drop Tae Exnaust Hoop or A 

180 35,000-Kw TursIne ror Two WEIGHT Fiows, 85 LB PER SEC AND 45 
LB PER SEC 

DEVELOPED ANNULUS 


(This variation is due to the variation of pressure shown in Fig. 7.) 
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KINETIC ENERGY LOSS 


Fic. 8 Variation or Kinetic-ENerGy Loss Pound oF 
Steam aT Speep AROUND THE PitcH CIRCLE OF THE ANNULUS Fig. 7. We arrive finally at Fig. 9 which shows the kinetic- 
oF A 35,000-Kw TuRBINE FOR THE SpectaL WeIGHT Fiows, 85 La = ©eTgy loss plotted against the various loads in kw. 

PER Sec AND 45 LB PER Sec Returning to the résumé of items, the method of arriving at 


(The weight flow is practically uniform around the annulus. The volume Fig. 9 has taken care of (1 i j 
flow varies in favenes relation to the pressure and consequently the velocity 8 (1) normal velocity, (2) tangential 


and kinetic energy vary as shown.) component, and (3) non-uniformity of flow. It remains to 
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evaluate the loss of available energy due to pressure drop through 
the exhaust hood itself. 

Fig. 10 shows the relation to be nearly linear so that Fig. 11, 
which illustrates the distribution around the annulus, is not 
absolutely essential for a satisfactory preparation of Fig. 12 
which shows the available energy loss plotted against the various 
loads in kw. 
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ABSOLUTE VALUE OF LossgEs INsIpE ExHaust Hoop 


When it comes to expressing the total effect it is necessary to 
take account of the quantities involved. The kinetic-energy loss, 
Fig. 9, affects only the steam at speed, and since in this case 10 
per cent of the condenser flow is in the form of moisture moving 
at low velocity, this is to be applied to 90 per cent of the con- 
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. 12 Totrat AVAILABLE ENERGY Loss DuvuE 
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Fic. 13. Toran Leavinc Vetociry anp Exuaust Loss oF A 
35,000-Kw TurBINE ExprREsseED AS A PERCENTAGE OF ToTaL THEO- 
RETICALLY AVAILABLE ENERGY IN ALL STEAM, BotH TO CONDEN- 
SER AND TO ExTRACTION HEATERS 
(The lower full line curve shows the subdivision between true velocity loss 
and pressure loss as they actually occur. The dotted line shows the approxi- 
mate leaving velocity and exhaust loss based on compu normal annulus 
velocity, assuming exhaust flange pressure at the annulus and expr as a 
per cent of the adiabatic heat drop in the turbine.) 
denser flow. Itshould not be necessary to explain the difference 
in velocity between the moisture and the steam, further than to 
refer to the article “Supersaturation—The Flow of Wet Steam,”’ 
by the late Prof. G. A. Goodenough,’ describing steam-flow tests 
conducted at the General Electric Works by Prof. J. H. Keenan. 
The available-energy loss is expressed per pound total flow. 
Bearing in mind these relations, reference to Figs. 2, 9, and 12 
leads to Fig. 13, the total leaving velocity and exhaust-loss curve 
for this turbine. For simplicity an average over-all “engine” 


2 Power, Sept. 27 and Oct. 4, 1927. 
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efficiency of 75 per cent has been assumed, whereas more accurate 
estimates use true efficiency curves, or true integrated available 


energy. 

The total loss might be divided up in another way by defining 
the net exhaust-hood loss as the extra loss occasioned by having 
the specified exhaust or condenser pressure occur at the hood 
flange instead of at the wheel annulus. This viewpoint has a 
certain merit in setting up a standard for comparison of no 
pressure drop through the hood. The net hood loss viewed this 
way is less than the actual loss due to the pressure because the 
pressure drop reduces the kinetic-energy loss at the annulus. 


In order to divide the total loss in this way it is necessary to 
compute the leaving velocity loss at the annulus with the specified 
exhaust pressure occurring at that location. The balance be- 
tween this and the total may be thought of as the net amount due 
to the presence of the exhaust hood. This is not the same as the 
approximate computation suggested below, because true per- 
formance (as nearly as can be estimated) under the supposed 
conditions is computed. The result especially depends on both 
the relation between the size of annulus and the hood and the 


load, and the method of computation employed for estimating 


what would happen under the assumed conditions. 


Thus a 


heavily loaded annulus discharging into a liberal hood will suffer 


very little additional loss because of pressure drop through the 
hood as compared with free discharge without any hood. On 


Fig. 14 Totat Leavinc-VELociry AND Exnaust Loss oF A 

35,000-Kw TurBINE, ExpRESSED AS A PERCENTAGE OF TOTAL THEO- 

RETICALLY AVAILABLE ENERGY IN ALL STEAM, DivipED So as TO 

SHow THE Net Loss CHARGEABLE TO THE PrResSURE Drop 
THROUGH THE Hoop 


(In this case the velocity loss is that which would occur with exhaust pres- 
sure at the wheel itself.) 


K.W. 


the other hand, a liberal sized or lightly loaded annulus dis- 


charging into a more restricted hood may easily have a net 


Joss chargeable to the presence of the hood equal to the velocity 


loss with no hood present thus doubling the theoretical leaving 
loss. 

It can be seen by reference to Fig. 14 that the net loss charge- 
able to the presence of the hood is really much less than would be 
inferred by looking at Fig. 13. The example here given has a 
rather high net hood loss. 


APPROXIMATE ESTIMATES 


For comparative purposes the dotted line in Fig. 13 has been 
prepared in a very simple manner by multiplying the weight flow 
to the condenser by the specific volume at the exhaust flange and 
dividing by the annulus area. This gives an average annulus 
velocity which has been converted to a kinetic energy heat con- 
tent in Btu per lb and divided by the adiabatic heat drop, without 
regard to extraction. This curve may be compared with the 
more accurate estimate which is given in full lines. The appar- 
ent inconsistency of using exhaust flange volume as if present at 
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the annulus goes part way to compensate for the neglect of 
pressure drop through the hood with its corresponding loss of 
available energy. 


SUPERSATURATION 

__In dealing with the results so far set down no account has been 
taken of any effects which may be caused by supersaturated 
expansion, that is, by expansion of the steam without condensa- 
tion to a momentarily cooler, denser condition. In considering 
Fig. 13 as representing absolute values, this reservation has to be 
kept in mind in addition to the minor inaccuracies purposely 
assumed for simplicity. 

It has been noted in comparing Fig. 14 with Fig. 13 that the 
true loss through the exhaust hood is accompanied by a reduc- 
tion of velocity loss in the denser medium at the annulus. The 
two effects are, to a certain extent, compensating. 

Similarly supersaturation, if present, results both in a reduc- 
tion of energy made available for conversion and in a reduction of 
the leaving-velocity loss. With the amount of moisture present 
there is not likely to be any high degree of supersaturation in 
this particular case. However, in a different case with, say only 
2 or 3 per cent of moisture theoretically present, supersaturated 
expansion should be allowed for. 


CoMPARISON OF TURBINES 


i While it is legitimate to express the leaving velocity and 
exhaust loss in a variety of ways, it is always well to bear 
in mind the significance of the type of expression used. For 
instance, the difference between the approximate calculation 
dotted in Fig. 13 and the more exact one in full lines may be 
quite different for another design. There are a number of tur- 
bines in sizes over 50,000 kw in which, under favorable load con- 
ditions, the hoods dre diffusing and produce a lower pressure at 
the annulus than exists at the exhaust flange. 
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TOTAL THEORETICALLY AVAILABLE ENERGY 
BTU. PER POUND TOTAL FLOW TO CONDENSER 


Fie. 15 Per Cent Leavine-VeLocity anp Exuavust Loss WITH 
Various Steam Cycies, IN Case Wits 30-Bru Loss PER 
Ls FLow To CONDENSER 


(If the same turbine exhaust is used for the same kw capacity while sub- 

stituting modern steam conditions for lower pressures and older cycles, 

the percentage leaving loss will be greatly reduced and the exhaust will 
appear wastefully generous in size for the better steam conditions.) 


Correct values of the loss may be expressed in terms of heat 
equivalent in Btu per lb flow to the condenser, or as a per cent 
of the adiabatic heat drop, or as a per cent of the total theoretical 
energy available within the flowing steam between throttle inlet 
and the several extraction and exhaust flanges, iene, to 
switchboard power. 


FUELS AND STEAM POWER ia 
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Thus it is correct to speak of a loss of 30 Btu per lb flow to the 
condenser. But such a statement is not very significant. If 
the adiabatic heat drop is 500 Btu, the loss may be said to be 6 
per cent of the adiabatic heat drop. But there is still an un- 
certainty as to the effect on the power generated since the 6 
per cent loss applies only to the steam going all the way through 
the turbine. If 5/s of the power generated comes from steam 
which goes all the way through the turbine, then the true loss 
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Fie. 16 Approximate INcREASE IN Kw Capacity AvalIL- 
ABLE BY MopERN CycLes WITH SAME TURBINE EXHAUST 


is 5 per cent of the theoretically available power which, for the 
reasons discussed, fails to appear on the switchboard. a. 
Errect oF Mopern CycLes 


For instance, take the same loss of 30 Btu per pound flow to the 
condenser (see Fig. 15). Such a loss amounts to 10 per cent 
of the adiabatic heat drop of an ancient low pressure turbine 
with 300 Btu available energy while it is only 5 per cent of the 
adiabatic heat drop of a modern high pressure resuperheating 
turbine with 600 Btu available. Similarly a full use of stage 
extraction for feed heating so increases the power generated from 
a particular exhaust that the importance of a fixed leaving- 
velocity and exhaust loss may be decreased as much as 20 per 
cent in this manner; an effect which is not shown at all by ex- 
pressing the loss in terms of adiabatic heat drop, which does not 
change with extraction. 

The use of the mercury turbine in conjunction with the steam 
turbine still further reduces the percentage importance of a fixed 
size loss. 

In other words, modern cycles warrant the use of much 
higher absolute losses per pound of steam exhausted to conden- 
ser, because much less steam is being exhausted per kw hour 
generated. 


INCREASED CAPACITY 


Fig. 16 is the counterpart of Fig. 15 showing how the capacity 
obtainable from the steam entering a given exhaust may be 
increased by the use of modern cycles. The relative capacities 
for constant percentage loss are based on the approximate rela- 
tion that, for a given cycle, the absolute value of the leaving- . 
velocity and exhaust loss increases as the square of the flow. — 
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m 0! constant percentage loss increases as the */.-power of the total 
energy theoretically available. 


ConDITIONS OF OPERATION 


The type of service and conditions of operation also are very 
important in evaluating the amount of leaving velocity and ex- 
haust loss that is acceptable. This is because of the rapid change 
at high loads. Thus a base load machine which is to run most 
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ever, this method is somewhat difficult to apply and if a simpler 
method could be devised for comparing turbines it would be 
helpful in evaluation procedure. It would be interesting if the 
author could indicate the probable error which might be intro- 
duced in comparing the exhaust end of a variety of turbines 
on the basis referred to in the N.E.L.A. Prime Movers Committee 

Report No. 234 on Turbines. 
The author speaks of load curves and conditions for which a 
turbine is chosen but these conditions are so subject to change 
that it is difficult to predict conditions far in advance. 


In case of doubt as to the future it may be wise to lean 


in the direction of capital savings at the expense of 
economy. Until quite recently growth of load through- 


out the country was rapid and new units were in- 


stalled at fairly frequent intervals. Each succeeding 


installation carried design improvements rendered pos- 


sible by the advance in the art. With new units of 


superior economy added to the system, the capacity fac- 
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tor of the earlier machines dropped and they are op- 
erated only at peak loads. For example, on one system 
new machines purchased some years ago were operated 
at 58 per cent capacity factor for about 6 years and 
after this period the use of these machines diminished 
annually until it finally 


almost reached a capacity 


(Since the leaving-velocity and exhaust loss increases roughly in a parabolic manner 
with the load, a base load station such as B will — a greater integrated loss 
than a station like A which shares light loads. Turbines for base load service warrant 


factor in the neighborhood of 5 per cent in about 20 


more liberal exhaust areas.) 


liberal exhaust with smaller absolute loss than a machine de- 
signed for a broad range of service and the expectation of running 
at maximum capacity only a short part of the year. 

Roughly speaking, the higher the annual capacity factor the 
lower should be the fixed loss in the exhaust but this is just an- 
other way of saying the more you run a machine the more ef- 
ficient it should be. For careful comparison actual load re- 
quirements should be analyzed. For instance, Fig. 17 illustrates 
two types of service, the total energy generated being the same 
in each case, but Station A is taking the swings and does the bulk 
of its operation at half and three-quarters load while Station B is 
on base-load service and operates mostly around three-quarters 
to full load. If these two stations were each equipped witha 
single turbine of the type represented by Fig. 13, the integrated 
loss due to hood effects in Station B would be 50 per cent more 
than in Station A, the difference amounting to approximately 
1 per cent of fuel requirements. From this it may be inferred 
that with medium coal prices a purchaser could afford to pay 
some 10 per cent more in the case of Station B for a turbine with 
more liberal exhaust and a different load curve from that which 
would be suitable for Station A. 

This brings attention directly to the load curve as being con- 
sidered a most important feature by operators in the selection 
of a turbine. It is second only to reliability of operation and 
with turbines as dependable as they have been of late years, 
attention (perhaps too often) is likely to be concentrated en- 
tirely on the load curve. Together with throttle loss at light 
loads, which dwindles out at full load, the leaving-velocity and 
exhaust loss, which increases from very little at light loads, is 
one of the most effective tools the turbine designer has at his 
disposal in producing the type of machine suited to the operating 
conditions. 


Discussion 


W. E. Cautpwetu.? The paper presents a comprehensive 
_ method of calculating the exit loss in a condensing turbine. How- 


* Efficiency Engineer, The New York Edison Co., New York, 
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years. Experiences of this kind cannot be safely taken 
as a basis for purchase of new machines it 
presupposes a continuation of load growth such as we have had in 
the past. 

In the absence of continued load growth, the capacity factor 
and use factor of the more recent machines will increase materially 
above that which might be anticipated from earlier experience. 
Under such conditions machines evaluated for a relatively low 
capacity and use factor may ultimately become base-load units of 
the system. This is a situation which cannot always be foreseen 
and should not be lost sight of in the purchase of new units, es- 
pecially as it influences exhaust areas. 

Another important consideration in the choice of exhaust areas 
in the turbine is the cost of steam-generating capacity to meet 
full-load requirements. With a lower exit loss less steam-generat- 
ing capacity is required and this should be carefully considered 
in evaluating turbine performance. Whether the value of the 
additional boiler-plant capacity required by a less efficient turbine 
is taken on a pro-rata base or increment cost base is largely a 
matter of judgment, but it is an important consideration if the 
highest economy in the use of capital is to be achieved. 

Summarizing, the influences to be considered in the design of 
the turbine-exhaust end are the capacity factor, cost of boiler and 
condenser capacity, cost of steam, and quality, quantity and 
temperature-duration curves of circulating water available. 
The design is influenced also by the relation of the system de- 
mand period to the circulating water temperature, and if the 
period of maximum demand of the system coincides with the 
period of minimum circulating water temperatures, the condi- 
tions are favorable for a design with relatively low exit loss. 

The paper clearly brings out the influence of higher initial 
steam conditions and other improvements in reducing the per- 
centage exit loss, nevertheless there is often potential capacity 
available which might have been purchased at an attractive 
price. In latitudes favored with an abundance of cold condens- 
ing water during the period of maximum demand, it is probable 
that there are cases where available capacity might have been 
purchased in the last wheel and condenser well below the unit 
cost of the plant. 

As the art advances progress in improving efficiencies will 
diminish as the more attractive possibilities have been exhausted 
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more liberal condensers and auxiliaries. 


and we may find it profitable in the future to resort to more 
liberally designed exhaust areas in steam turbines, as well as 
With each successive 


_ installation closer cooperation is developed between the engineers 


of the manufacturers and those of the power producers and it is 
through the mutual understanding of the common problems in- 
volved that the greatest progress may be made in achieving a 
well-balanced design in the ultimate plant. 


A. G. Curistiz.‘ As the author states in his opening para- 
graph, the combined leaving-velocity and exhaust loss constitute 
the most important single loss in condensing steam turbines. 
These losses have attracted the serious attention of the plant- 
designing and operating engineers only in the last few years. 

Leaving losses were considered a few years ago by the Prime 
Movers Committee of N.E.L.A. Data on various turbines were 
collected and referred to the writer for analysis. In many cases 
arbitrary assumptions had to be made regarding the amount of 
steam to exhaust and other items. Certain of these such as the 
allowance for blade-outlet thickness on the last set of blades are, 
as pointed out by Mr. Robinson, open to question. Manu- 
facturers at that time were somewhat reluctant to discuss leaving 
losses. There appeared to be no standard or other method of 
expressing leaving losses. The writer therefore proposed as a 
tentative measure the expression of leaving loss as the equivalent 
of the absolute velocity from the last row of blades assuming 
axial flow and found by assuming the exhaust pressure and 
volume at the blade annulus instead of at the exhaust nozzle. 
In other words the losses in the exhaust hood were not con- 
sidered. The Prime Movers Committee then considered the 
question of a standard method of expressing leaving loss. How- 
ever, differences of opinion developed and a suggestion was made 
that a leading authority on turbine design be asked to discuss 
this whole subject in a paper before A.S.M.E. Mr. Robinson’s 
concise and enlightening paper is the result of this suggestion. A 
careful analysis of its contents will aid plant designers and op- 
erators to give intelligent consideration of these losses and to 
their influence on plant economy. 

Mr. Robinson shows very clearly that the leaving-velocity loss 
and the pressure loss in the hood are interdependent and both 
should be considered. The method of indicating leaving loss 
used in the N.E.L.A. report does not give all the facts. 

In Fig. 13 Mr. Robinson shows that the total leaving-velocity 
and exhaust-hood loss at 28,000 kw, the most efficient load on the 
35,000-kw turbine under consideration, exceeds the loss cal- 
culated by the N.E.L.A. method by 0.6 per cent but he also 
points out that this may not be true for turbines with diffuser 
exhausts. Few of the turbines in the N.E.L.A. report have 
diffuser exhaust hoods so that the computed losses are probably 
not as large as the sum of the true leaving loss and hood loss. 
However, it is apparent that the computed figures published 
by the writer in the N.E.L.A. report can only be used with reser- 
vations. 

Leaving loss depends upon the length of the last row of tur- 
bine blades and the quantity of steam flowing to the condenser. 
Hence the amount of this loss when the maximum length of 
blades is used, depends upon the output rating of a given cas ng 
as fully discussed in the writer’s paper before the World Power 
Conference a few years ago. 

Losses through the hood will also be dependent upon the out- 
put of a given casing but as Mr. Robinson states these will also 
depend upon exhaust outlet design. Certain exhaust hoods 
exert a diffuser effect so that the leaving velocity of the steam is 
partly converted into pressure head to overcome hood losses. 
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The question arises as to whether it would be desirable and 
economic to incorporate diffuser designs in the exhaust hoods of 
all turbines. Some savings would result from such an ideal 
design. 

Regarding supersaturation, Mr. Robinson indicates that this 
only needs consideration when moisture contents of 2 to 3 per cent 
occur at exhaust. Generally the moisture content ranges from 8 
to 11 per cent. Can any supersaturation exist at the last row of 
blades under these conditions? The late Professor Callendar and 
H. M. Martin, both of England, have advanced the opinion 
that supersaturation will persist even to exhaust. R. Colburn 
and the writer concluded two years ago that supersaturation 
might exist at high moisture contents for there appear to be 
indications that this was a contributing factor in blade erosion 
from moisture. But the question is by no means settled. 

One of the Power Test Code Committees should consider a 
standard definition for the combined leaving and hood loss. Mr. 
Robinson indicates the different ways in which the loss can be 
expressed but has not given any method preference over the 
others. It is highly desirable that the expression of this loss be 
standardized so that all engineers can refer to it in the same 
terms. 

A further comment may be made. These losses are fixed by 
the original design of the turbine and are inherent in its con- 
struction. They cannot be increased or decreased for given 
operating conditions by any efforts of the station operators. 
It is therefore incumbent upon the plant designer to give the 
fullest consideration to the economics of these losses in the 
initial selection of the turbine equipment. Mr. Robinson points 
out certain factors such as the character of load, etc., which 
influence the economic effect of leaving losses. 

There are differences of opinion in regard to the allowance for 
leaving losses in determining the true end-point of the condition 
curve. In some cases, the whole of the leaving loss has been 
deducted from the total heat to exhaust to find the end-point of 
the condition curve. Others estimate the probable stage ef- 
ficiency of the last stage and only deduct from the heat to exhaust, 
the product of this stage efficiency and the leaving losses. Ob- 
viously the latter method gives the higher end-point. Can Mr. 
Robinson indicate which method more nearly approaches the 
true end-point? 

This paper will prove valuable to designing and operating engi- 
neers as it discusses a hitherto little understood subject in a clear 
and comprehensive manner. 


Sapin Crocker.’ Mr. Robinson’s paper presents valuable 
information on turbine-exhaust loss as seen by a turbine designer. 
As such, the presentation of these data is an excellent and timely 
work. The writer would like to present the turbine user’s 
view of these data as they may be applied to turbines in power 
plants. 

As power-plant heat rates have been improved through the 
development of more efficient equipment and the adoption of 
more favorable heat-utilization cycles, it has become necessary 
for engineers charged with the design and operation of power 
plants to go progressively to greater refinements in order to 
continue an improvement of thermal efficiency within the eco- 
nomic limitations of the case. Consequently in order to obtain 
further improvements at the present time it is necessary to con- 
sider comparatively small differences and quantities, such, for 
instance, as are involved in the return of low-grade heat through 
the turbine feedheating circuit, in changes in condensing equip- 
ment to obtain better vacuum, or other changes which may affect 
the exhaust loss in different ways. 
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Operating companies make many such studies in which the 
exhaust loss becomes an important item. Under present prac- 
tise it is necessary to obtain specific data from the manufacturer 
for each case considered. This results in great expense to both 
parties, loss of time in correspondence, and a restriction in the 
number of comparisons that can be made in a given study. 
In consequence, while the manufacturer usually shows a willing- 
ness to cooperate in such matters, the results are not always 
satisfactory. 

The present paper is a notable beginning toward clearing up 
these difficulties in that it enumerates all the items involved in the 
exhaust loss of a steam turbine. A detailed statement of the 
turbine-user’s need for data of this type should likewise help the 
situation. Briefly, he should be able to determine the exhaust 
loss on his turbines for any possible operating condition. In this 
regard Figs. 4 and 7 from which can be determined the magnitude 
of the loss for a given turbine are of particular interest. It would 
seem that such information should be made available to a turbine 
owner in either of two different ways: (a) on request furnish 
him curves similar to Figs. 4 and 7 applying to his particular tur- 
bine and (6) make available to him the methods for computing 
such curves from the basic data for his type and size of turbine. 
Such material is indispensible to the turbine operator for an in- 

 telligent solution to his problems in power-plant design. Ap- 
_ parently Fig. 4 can readily be used for any desired operating 
condition but it appears that Fig. 7 would have to be given for a 
: series of different condenser pressures and exhaust flows before it 
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would be of much use to a plant designer. This would entail a 
large amount of detailed work on the part of the manufacturer, 
which it would seem he could eliminate by making more general- 
ized computation methods available to the turbine user. 

7 The writer is quite aware that many variables are involved in 
computing exhaust losses, and that turbine manufacturers and 
their designers prefer to pass out information piecemeal rather 
than to give an operating company’s engineers sufficient informa- 
tion about a given turbine for them to compute the necessary 
correction factors for that turbine themselves. Nevertheless, 
it would seem that the author could well afford to give the user’s 
requirements further consideration in closing an otherwise com- 
mendable paper. 


C. C. Francx.* In discussing the actual loss due to the pres- 
sure drop through the exhaust load, the author places consider- 
able stress on the size of the cylinder-exhaust area, without a 
great deal of concern for the flow area of the last row of blades. 

For a turbine of equal exhaust dimensions to that presented 
by the author, the loss resulting directly from the increase in 
exhaust pressure caused by crowding the exhaust hood, consti- 
tutes only a small part of the actual loss in heat converted into 
work. 


zu? 
By virtue of the consideration of i for not only the last row, 
ts 


but for the last three stages, which are affected by the change in 
vacuum, it may be pointed out that the reduction in adiabatic 
heat available, Azs, results in an increase in the operating ef- 
ficiency of the group and partially offsets the reduction in avail- 
able heat. Another important point to be considered is the so- 
called “explosion loss” or loss occurring when the volumetric 
flow through the last row of blading is of such magnitude that a 
portion of the expansion actually occurs outside of the last-row- 
blade passage. This results in an uncontrolled expansion which 
destroys a greater part of the energy liberated. 

For example, assume that Az. for the last three stages at full 
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capacity including reheat, is 160 Btu/lb at 29 in. vacuum of 
which 105 Btu/lb can be converted into useful work. Then 
by virtue of limited exhaust dimensions the pressure at the exit 
of the last row of blades is reduced 0.5 in. vacuum to 28.5 in. 
Then the reduction in available energy will be (from Fig. 10) 
21.6 Btu/lb and the resulting Az, will be 139.4 Btu/Ib at 28.5- 
in. vacuum of which 100 Btu/Ib can be converted into useful work. 

Consequently from this consideration the actual reduction in 
heat to work will be 5.0 Btu/lb, not corrected for moisture losses 
which, for such small changes, could be neglected. 

Carrying this example to a conclusion by adding the effect 
of moisture, we see on the 7-s diagram that the average moisture 
for the expansion to 29-in. vacuum is 9.25 per cent while the 
average moisture for the expansion to 28.5-in. vacuum is 9.0 per 


cent. Assuming no moisture removal and applying a correction 
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Fig. 18 Typicat Leavine Loss Curve 
(35,000 kw, 1800 rpm.) 


of 1 per cent loss in efficiency for 1 per cent average moisture 
content to the heat converted into work for the two expansions, 
we see that the heat converted to work for the 29-in. expansion is 
95.3 Btu/lb and 90.5 for the 28.5-in. expansion. Hence the 
reduction in heat to work is 4.8 Btu/lb resulting from a reduction 
in available energy of 21.6 Btu/Ib. 

This points out that even with great care exercised in the 
design of the low-pressure exhaust load, a restricted last-row blade 
annulus may tend greatly to reduce the expected gain. 

Another point of importance to be considered at this time 
is the possibility,of correlating the design of the turbine and 
condenser in onder to produce an approximately constant volu- 
metric flow through the exhaust end for the normal range of 
operating loads. This could be obtained by controlling the 
condenser circulating water to produce the desired vacuum with 
changes in steam flow. In this manner the design consideration 
of the turbine with regards to exhaust dimensions could be 
simplified. 

With such a system of variable vacuum the discussion on re- 
duction in available work would have to be continued with 
lower flows. With such conditions of reduced volumetric flow, 
i.e., half load flow at 29 in. vacuum, the effect of explosion is en- 
tirely eliminated and the actual operating vacuum could be 
increased to 29.25 or 29.5 in. and at the same time the extra 
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available energy converted into work at approximately the same 
efficiency as in the case of the 29-in. expansion. 

In regard to the question of designating leaving losses it 
appears that the most rational method of evaluating them 
would be to consider the loss in kw. By the use of kw an ab- 
solute loss is immediately determined and its magnitude is left 
without question. 

Another point which should be considered is the method of 
carrying peak loads. Some installations carry peak loads with 
the bleeder heaters cut out of service and this condition lends 
itself to separate consideration by virtue of the added flow passed 
through an already crowded exhaust. 

Fig. 18 shows a typical “‘leaving-loss” curve for a reaction ma- 
chine of 35,000 kw. 


H. G. Hieserer.’ We are pleased to see such a thorough 
definition and explanation of a subject which has caused much 
comment by power engineers within the past few years. 

We feel that it is a function of the turbine designers to define 
what should be understood by such losses and to show their rela- 
tive magnitude. 

From a strictly operating viewpoint, once the selection of a 
machine has been made, these losses are beyond control except to 
a limited degree by the plant men. In southern stations, such 
as the Deepwater (Houston) plant, the high circulating-water 
temperatures which prevail throughout most of the year limit 
the vacuum obtainable. In the north, however, with colder 
water conditions, particularly in the winter time, absolute pres- 
sures between 0.50 to 0.75 in. Hg abs may prevail for several 
weeks in extreme cases. In some instances, due to the pressure 
from operating departments together with the natural conser- 
vatism of designers, condensers are purchased for summer condi- 
tions. With such installations undoubtedly the magnitude of 
these leaving velocities and exhaust losses is very great. From 
the operating viewpoint, attention should be called therefore to 
the fact that many units are unable to use such high vacua effec- 
tively or that there is a limit beyond which it is not economical to 
go. This would suggest reduced speeds of the circulating pumps, 
resulting in a saving in auxiliary power. Further, on some types 
of condensers, refrigeration losses of the condensate are increased 
under high vacuum conditions. 

The author’s paper considers the performance of the unit as- 
suming a constant back pressure of 1 in. Hg abs at the flange. 
We believe it would be of interest to call attention to the variation 
in the performance of modern condensers with variations in load 
and with variations in circulating-water temperatures, such as 
occur from season to season. The following will illustrate the 
typical performance of a condensing unit for a 35,000-kw machine 
under the conditions prevailing at Houston: 


-——Steam condensed, lb per hr—~. 
Temperature 360,000 315,000 235,00 170,000 
inlet circ. water -——Back pressure, in. Hg abs 
50 deg F 0.86 0.78 0.64 0.59 
deg 1.30 1.20 1.02 0.94 
80 deg F 2.00 1.85 1.60 1.44 
95 deg F 3.04 2.82 2.48 2.21 


In the tabulation above, the flows which correspond to maxi- 
mum load (40,000 kw), full load (35,000 kw), three-fourths and 
half load happen to correspond very closely to the flows assumed 
by the author. This tabulation will show a variation of approxi- 
mately 25 per cent in the specific volume of the steam to the 
condenser between half load and maximum load for the same 
water conditions and a change of approximately 300 per cent 
for the same load between summer and winter conditions. This of 
course neglects the consideration of moisture. 
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The use of these factors would considerably alter the author’s 
Fig. 13 and also call attention to the necessity of using weighted 
averages over the entire year in connection with the author’s 
Fig. 17, showing typical annual load curves, in order to compute 
the total annual losses from this source. 
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P. H. KNowtton.® This paper is an excellent presentation of 
the calculation of the total exhaust loss from a turbine. It 
appears worth while to supplement this work by a statement as to 
the background of the method and the reasons for believing that 
such calculations are adequate. 

In the first place, for any particular turbine the characteristics 
of the last stage wheel and buckets are, of course, known to the 
designer. The calculations necessary for Fig. 4 are fairly simple, 
involving the aforesaid characteristics together with the laws of 
flow for wet steam as they are understood. 

Fig. 7, however, requires something more than well-known 
rules. The flow of steam through the ordinary downward 
exhaust type of hood is rather complicated and resource must be 
had to tests to determine the characteristics of various types. 
Two ways of testing are open, namely, by means of models or by 
testing hoods on actual turbines in operation. In either case, 
the test consists of measurements of the annulus static pressure 
together with the steam flow through the last stage wheel. 

Of the two means, the model tests are easier and more in- 
structive. We are able to make models from '/, to '/12 size or 
smaller, depending upon the size of the actual hood in question. 
We test these models using air as the flowing fluid, and are able 
to observe very closely the flow characteristics. This can, of 
course, be done in advance of the construction of the full-sized hood 
in the factory. 

Any model tests should be checked if possible on the actual 
full-sized apparatus and we have been able to check in this case 
by making annulus pressure measurements in actual turbines 
operating in some of the power stations in the country. The 
agreement between model and full-sized hood is very good and 
justifies the model tests. 

The curve marked “total loss” in Figs. 13 and 14 can be checked 
as to shape by still another means which is open to us. A tur- 
bine can be operated under test conditions so that the weight 
flow through the last stage buckets is at a constant rate. Then 
the turbine condenser pressure can be varied by bleeding air to 
the condenser, or by other means, and the variation of turbine 
output can be measured. This variation of output is really a 
difference between the change in available energy due to the 
change in exhaust pressure and the change in exhaust loss oc- 
casioned by the change in exhaust volume flow. The change in 
available energy is readily calculated from the steam chart, 
leaving a change in exhaust loss determined. Whenever pos- 
sible, therefore, we obtain these variable vacuum curves at 
constant flow, as valuable aids and checks on our calculation 
methods. It is not always possible, since turbines of moderate and 
large capacities must be tested, if tested at all, in the operator’s 
power station and operating conditions or other factors may 
make extended tests impracticable. 

It is evident from the foregoing that means of testing have been 
developed and are used for checking and substantiating the 
methods of exhaust loss calculation as presented by Mr. Robin- 
son. 


H. V. Rasmussen.® The author has written a very interesting 
paper which is of vital interest to the turbine designer, as the 
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dimensioning of the last spindle row and the turbine-exhaust 
casing has a deciding influence on both the turbine performance 
and the manufacturing cost. 

If a turbine element in the high-pressure end of a turbine is not 
very efficient, up to one-half the losses may be recovered in the 
rest of the turbine due to reduced moisture and increased heat 
drop, but losses in the exhaust end of a turbine are irretrievably 
lost to useful work. Any improvement obtainable in the ex- 
haust end will have a direct bearing on the over-all performance of 
the turbine. 

While the performance of a turbine is improved by a large 
last-row annulus with a correspondingly low kinetic leaving loss, 
the manufacturing cost of a turbine goes up rapidly with the 
increase of the dimensions of the last row. Also, blade and 
spindle stresses place a definite limitation on the physical dimen- 
sions involved. A proper compromise between these various 
factors must, therefore, be established in practical turbine design. 

The present tendency toward large single-cylinder turbines 
makes it necessary to employ high peripheral blade speed in the 
last row, with a resulting high steam speed and a large kinetic 
leaving loss. The place for improvement, consequently, is in the 
exhaust casing which should be designed to offer the smallest 
possible resistance to flow from the last-row annulus to the exhaust 
opening. 

It would be interesting to know how the author arrived at the 
annulus pressure drop shown on Figs. 5 and 7, and also how it was 
established that some exhaust casings are actually diffusing. 
Measurements on actual turbines are very difficult to obtain as 
they involve measurements of static pressure in the high velocity 
jet. Some attempts were made to measure the pressure drop 
in an exhaust casing of a large Westinghouse turbine by tapping 
the cylinder casing at various points in the cover and base. 
No conclusive results were obtained from this investigation as it 
was obvious that a velocity head created by the steam impinging 
against the measuring hole obscured the results and, at the very 
best, these measurements would only record the pressure exist- 
ing at the periphery of the casing. They could not disclose the 
pressure distribution in the middle of the casing. Measurements 
with pressure-measuring tubes, such as the Fechheimer tube, were 
given up as impracticable, as the moisture in the steam would 

_ partly fill the passages and cause incorrect readings. 
Another approach to this problem is to conduct tests with 
_ small-scale models. A number of exhaust model experiments for 
various exhaust-cylinder designs were run by the Westinghouse 
Company. Wooden models of the exhaust casing were made to 
1/3 of full size and air was blown through the models. A rotating 
- blade row, mounted on a disk and driven by a motor, represented 
the last spindle row. Pressure measurements were taken with a 
_ Fechheimer tube at a number of points around the blade annulus 
_ and the velocity distribution over the exhaust opening was 
recorded with a Prandtl impact tube. 

These experiments disclosed a number of interesting facts. 
First of all, it was found that steam is distributed most unevenly 
throughout the casing and the exhaust opening. The steam 
clings to the generator side of the exhaust casing and also crowds 


this side of the exhaust opening, while the part of the exhaust. 


opening that is nearest to the turbine is hardly filled. If a part 
ae the exhaust opening is located under the bladed part of the 
_ cylinder, the pressure drop through the casing will increase con- 
siderably. 
. The tests also showed that ribs and steam deflectors in an 
exhaust cylinder might improve the distribution of the steam over 
the exhaust end, but generally accomplishes this at a cost of an 
_ inereased pressure drop from the last row to the exhaust opening. 
The older exhaust-cylinder design with a number of separate 
_ passages from the last row to the exhaust opening had thus a 
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the steam, A the Joule conversion factor, with the subscripts 
1 and 2 referring to conditions at the exhaust annulus and the 
exhaust flange, respectively. In the design of the exhaust we 
are faced with four characteristic solutions of the relation ex- 
pressed by Equation [1]. First, there may be complete nani 
version of the kinetic energy at the exhaust annulus into poten- 


In this 
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and the low-pressure end losses AR become zero. 


tial energy. case we have an isentropic change in which 
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This inter-_ 


change of energy is contrived through a completely angel 


process and while it represents the ideal in achievement it is 
in the light of our present knowledge of the physical laws, quite | 
beyond the realm of possibility. 

The next possible solution to Equation [1] lies in the recon- 
version of a portion ofthe kinetic energy of discharge by a diffusor- 
shaped exhaust chamber. It is represented physically by the 
boundary condition p, > p, and by (i, %;) > A vdp. Prac- 
tically, this solution is the aim of all good designs since the total 
low-pressure end losses become less than the leaving-velocity 
loss at the blade annulus. Unfortunately, mechanical restric- 
tions, imposed largely by the purchaser, have prevented many 
exhaust-end designs of this type in the United States, although in 
Europe the practise is used frequently to advantage. 

A solution almost akin to the one just described lies in a partial | 
reconversion into pressure which is subsequently lost through wall - 
friction in the exhaust chamber. In this case p,; = pe, and the 
low-pressure end loss is equal to the kinetic energy of the fluid 
from the last-blade annulus. This assumption was widely used 
in turbine design up to the past few years but increasing demands ’ 
for economy have necessitated a solution more in keeping with | 
the actual condition. This solution usually consists not only ina 
complete loss of the kinetic energy of discharge but in an addi- 
tional pressure drop as well (pz < p:). In this case the Af? i. 
is negative. This is the condition to which the author devotes 
himself, and while far from the ideal it is at present the most 
common. The real problem in this design lies in the determina-_ 
tion of the pressure drop. Since measurements on actual ma- 
chines are practically impossible, models are usually prepared. 
However, the requirements of similarity are not wholly satisfied 
in the model due to the extreme velocity and pressure conditions 
that exist in the usual exhaust end. 


10 Experimental Engrg. Dept., Westinghouse Elec. and Mfg. Co., , 
South Philadelphia Works, Philadelphia, Pa. Jun. A.S.M.E. 


considerably larger pressure drop through the casing than the 
bare exhaust cylinder. However it was found possible to design 
a deflector that was shaped as part of a rotative body and 
that reduced the pressure drop as it diminished the concentra- 
tion of flow at the condenser side of the exhaust opening. 

The pressure measurements around the periphery showed a 
somewhat similar distribution to that shown on Fig. 7 of the 
author’s paper. 

Ronaup B. Smiru.'° Low-pressure end losses consist of fric- 
tion due to wall resistance and curvature losses in the exhaust 
hood, and eddy friction resulting from the attempt to convert 
kinetic energy at the blade annulus to potential energy at the 
condenser flange. Physically these losses are an evaluation of the 
well-known relation 

, 
AR = (i af 
1 
in which R is the total low-pressure end loss, 7 the enthalpy of 


= 
rs 
4 
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As the author has already pointed out an expression for the 
low-pressure losses in per cent of the adiabatic enthalpy change 
means little unless one is familiar with the type of cycle. A 
term more closely representing the efficiency of the low-pressure 
end design proper would be the ratio of the average kinetic 
energy at the exhaust flange to the total frictional loss. 


A 
Nerh AR, [ ] 


Equation [2] is a measure of the designer’s skill, and for the 


perfect diffusor has a value of 


Nezh = 100 per cent. 


In the 35,000-kw machine described by the author the net 
annulus area appears to be 31 sq ft. Assuming that the exhaust- 
flange area is about 31/0.4 = 78 sq ft, the average kinetic 
energy at the exhaust is 6.7 Btu at full load. Then the efficiency 
of the exhaust end proper is nezs = 26.5 per cent. The corre- 
sponding loss based on the adiabatic enthalpy change is about 
4.9 per cent. These two factors would appear to define fully the 
conditions at the low-pressure end. The exhaust efficiency repre- 
sented by Equation [2] is a measure of the relative merit of the 
exhaust hood, and to the designer it represents the internal ef- 
ficiency of the low-pressure end. The conventional leaving loss 
on the other hand shown in Figs. 13 and 14, represents the low- 
pressure frictional losses in respect to the total available energy; 
it determines whether efforts to improve the exhaust end ef- 
ficiency ners are justified from the standpoint of economy. 


C. R. Soperperc.'! Turbine designers will welcome this 
paper on a subject which has always represented an important 
question in the art. Very little of the material as presented can 
be regarded as controversial, and the writer will limit himself to a 
brief discussion of a few points. 

The leaving loss is undoubtedly one of the most important 
single items in condensing turbines, particularly because it can 
be influenced to a considerable extent by modifications in design, 
specifically by the size of the exhaust annulus. A similar in- 
vestigation was made sometime ago by Prof. A. G. Christie and 
presented at the 2nd World Power Conference in 1930.'2. This in- 
vestigation, as well as the one covered by the present paper, 
neglects another loss item which is of the same significance and 
which must be considered in connection with the leaving loss. 
This is the loss caused by the moisture in the low-pressure end of 
condensing turbines. Very little reliable information exists as 
to the magnitude of the latter loss, but some of the results ob- 
tained recently by the Westinghouse Company indicate that it is 
often greater than the leaving loss. In particular, it is in- 
creased rapidly with the peripheral speed. If the leaving loss is 
reduced by an increase in blade annulus, this reduction is accom- 
panied by an increase of the moisture loss which may, in certain 
cases, more than offset the reduction of leaving 
With this fact in mind, it is impossible to arrive at an economical 
size of exhaust annulus without injecting the moisture loss. 
Supersaturation, on the other hand, can generally be disregarded, 
at least for the moisture contents now common in condensing 
turbines. 

The author has properly emphasized the importance of in- 
cluding in the leaving loss the losses in the exhaust hood. The 


loss. 


Westinghouse Elec. 
Mem. 


Manager, Turbine Apparatus Division, 
and Mfg. Co., South Philadelphia Works, Philadelphia, Pa. 
A.S.M.E. 

12 “Economic Considerations in the Application of Modern Steam 
Turbines to Power Generators’ by A. G. Christie. Second World 
Power Conference, 1930. 
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benefit of a generously dimensioned exhaust annulus may be lost 
unless the hood is properly proportioned and dimensioned. 

It would be of great interest to know by what means the pres- 
sure distribution shown by Fig. 7 was obtained. We have made 
attempts at similar measurements and have been forced to con- 
clude that it is exceedingly difficult to get the pressure readings 
inside the exhaust of an actual turbine. Fig. 7 indicates a de- 
gree of precision which I know is very difficult to reach. _ oa! 


AvuTHOR’s CLOSURE 


In concluding this discussion, it seems necessary first to set 
down the distinction between the leaving-velocity and exhaust 
loss on the one hand and the vacuum corrections applicable to 
the turbine-performance curve on the other hand. This paper 
has confined itself entirely to the former which is supposed to 
oecur in the exhaust hood between annulus and exhaust flange. 
In preparing the vacuum corrections showing the variation of 
turbine performance with changing back pressure at the exhaust 
flange, it is necessary to take account of all other contributing 
or interrelated effects, whether or not they are parts of the loss 
in question. It is, of course, true that in many cases the vacuum 
corrections consist almost entirely of leaving-velocity and ex- 
haust loss but the distinction is very real. Operators generally 
are interested in the vacuum correction. The leaving loss, as 
such, has always seemed to us a matter of interest particularly 
to the designer. It is one of the most important elements in- 
fluencing turbine performance. 

Mr. Caldwell is inclined to doubt the continuance of load 
growth. It is true that there has been a five-year cessation in 
this matter but it is also true that in many areas with favorable 
rate structures the per capita consumption of electricity is several 
times what it is in some of our largest metropolitan centers. In 
our opinion, any system that has the courage to look ahead 15 
or 20 years may expect a load growth to two or three times its 
present size. While the annual percentage increments may fall 
off, it is likely that the actual kw increments may increase. Cer- 
tainly the use of electricity is going to increase whether the pres- 
ent systems furnish the power or whether it is to be supplied in 
some other manner. 

Professor Christie raises the question as to the desirability of 
incorporating diffuser exhaust hoods in all turbines and this mat- 
ter is also touched upon by Mr. Smith. This question is largely 
an economic one and it is not easy to answer it briefly. However, 
this much may be said: that such diffusing hoods as are now in 
existence have that property as a by-product of other features of 
design and were not so made for that reason alone. The design is 
usually expensive and justified only under special conditions. 

The author’s remarks on supersaturation were based on the 
findings of the General Electric Company as set forth by Pro- 
fessor Goodenough in his published report in 1927. It must be 
admitted that the true condition is still a matter of argument 
but undoubtedly more specific analyses will be available in the 


future. Probably we should not have said it could be “neg- 
lected.”” When a manufacturer bases his promises on well-es- 


tablished past performance, it is impossible for him to neglect 
anything. But, on the other hand, the more specific his analy- 
sis, the greater are his opportunities to improve design. 
Professor Christie also asks about the true end-point of the 
condition curve. It seems to the author that that is given by 
the exhaust heat and the exhaust pressure and that it is the only 
point definitely known except that fixed by the initial conditions. 
Given the initial conditions, known performance gives the end 
point. All intermediate points must be estimated by design 
technique and the better they are filled in, the better may they 
be used for improving design. For instance, to get back to the 
wheel exit, it is necessary to divide the exhaust heat between 


| 


pressure-volume energy, temperature energy, velocity energy, 
and if there is supersaturation, it may be necessary to include 
surface-tension energy. As a short cut from the true end-point 
to the wheel exit, one might draw a horizontal line to the left to 
annulus pressure and thence down the pressure line so as to de- 
duct the velocity energy fraction of the leaving loss. That 
would locate what might be called the “chart condition’ of the 
steam at the wheel exit, which would be useful to give the mois- 
ture content. This is to be distinguished from what would be 
the end-point of the machine if it had zero-leaving loss. The 
important point in this matter is to base predictions upon exactly 
the same conventions used in analyzing performance. 

Mr. Crocker has pointed out how necessary it is for an operator 
to have all the essential information about his machine. Cer- 
tainly the manufacturer intends to furnish all such information 
and if it has not been done in the past, that must have been due 
to a misunderstanding of the needs in the particular case. 

Mr. Franck has called particular attention to a number of 
items and rightly expresses his concern about the flow area of 
the last row of blades. That is usually the most important fea- 
ture of all, and, if the author did not show proper concern about 
it, that was because of its general recognition. Mr. Franck’s 
remarks about the effects on the preceding stages help to bring 
out the distinction which is necessary between the total net effect 
on turbine performance of a change of vacuum, and the leaving- 
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velocity and exhaust loss by itself. Although the distinction 
might be thought of as only a matter of definition, it is none the 
less important. 

Mr. Hiebeler points out the important effects of varying cool- 
ing-water conditions on the vacuum and consequently on the 
magnitude of the leaving losses. The diagrams in the paper have 
been based on 1 in. Hg abs back pressure. There is a certain 
back pressure below which better vacuum fails to yield any more 
power. Refrigeration, in itself, is detrimental. In deciding 
how much water to pump it is necessary for an operator to bal- 
ance his pump requirements and refrigeration losses against the 
additional power shown by his vacuum corrections. 

Mr. Knowlton’s discussion anticipates the questions raised 
by Messrs. Rasmussen and Soderberg about the pressure meaure- 
ments in exhaust hoods as shown in Figs. 5 and 7 and it does not 
seem necessary for the author to add anything further on that 
subject. 

Mr. Soderberg also mentions the importance of proper consider- 
ation of moisture losses and here again it may help in clarifying 
the situation to point out that moisture effects have been consid- 
ered in the paper only in so far as they affect the leaving-velocity 
and exhaust loss itself. Changing degrees of moisture in pre- 
ceding stages affect the turbine performance and have to be con- 
sidered in predicting vacuum corrections but such effects are 
not a part of the leaving loss even though in part due to it. 
— 
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Performance of Cutting Fluids When 


KRAUS,*? ANN ARBOR, MICH. 


This paper presents the results of a series of tests con- 
ducted on a Peerless high-speed, 9-inch-capacity hacksaw. 
Two types of tests were run: The first to determine the in- 
fluence of four typical cutting fluids on the wear of the 
teeth of tungsten-steel hacksaw blades, the second to de- 
termine the influence of eleven cutting fluids on high- 
speed-steel blades when sawing each of eight different 
metals. 

The time required to saw through a 1'/,-inch-square 
section of each metal was obtained and used to indicate 
the performance of the cutting fluid. In these tests high- 
speed-steel hacksaw blades were used, inasmuch as they 
retained the initial degree of sharpness without visible 


HE object of this paper is to present the results of a series 

of tests in power hacksawing when cutting eight metals 

with each of eleven cutting fluids, to show the influence of 
the various cutting fluids on the time rate of cutting. Data are 


change throughout the test. The comparative tests were 
run at constant speed and constant feeding pressures. 

It is shown that a mineral-lard oil causes the tungsten- 
steel blades to wear fastest. Plain mineral oil produces 
the next fastest degree of wear, followed in order by an 
emulsion and a sulphurized mineral oil. The sulphurized 
mineral oil permitted the least degree cf dulling on the saw 
blades and, at the same time, kept the sawing time to a 
time below that for any of the other cutting fluids. Cut- 
ting fluids produced a rather wide variation in cutting time 
when cutting steels, but gave more uniform values when 
cutting aluminum, malleable cast iron, cast iron, and 
brass. 


THe MarTeriats TESTED 
The materials selected for this series of tests consisted of eight 
ferrous and non-ferrous metals representing types commonly 
used. The various bars with their physical and chemical char- 


+ == 3 ave TABLE 1 THE EIGHT METALS USED IN THE HACKSAW TESTS 
Hardness Numbers ——~—Physical Properties-—— 
Rockwell Yield Ultimate Elongation 
(100 Kg anol strength (per cent 
———Bars— 1/ in- 
No. Section (in) ) Material. Heat treatment Analyses in.) pnd 
AF X 2 Aluminum alloy Al Cu _ Impurities 
S.A.E. 3: Chillcast 91. 8.0 1.0 37.5 | 
BF 1/4 X 18/4 Leaded free-cut- Extruded and Zn Pb Fe 7 
ting brass drawn 61,75 3.21 66.0 100 34,700 51,800 43.5 
1 1 n 
CF Cast iron Cast 3.44 2.62 0.986 0.478 83.5 “wager 
DF Malleable cast /48 1550- 2.46 1.00 0.163 0.26 0.071 71.0 
iron 5 F (Analysis of hard iron) q 
to 1200 F ‘ 
KF 2x6 S.A.E. 3150 Annealed Cc Ni Cr P Mn 8 
steel 0.50 1.16 0.62 0.022 0.68 0.023 86.0 196 66,140 114,200 26.0 
EF 15/4 xX 4 S.A.E. 1020 Annealed Cc P Mn 8 
8 0.22 0.011 0.52 0.026 65.0 teen,» 
FF 13/4 4 S.A.E. 1035 Annealed Cc Si P Mn s 
steel 0.38 0.18 0.017 0.53 0.031 75.0 ‘saee 
MF X S.A.E. 1112 Cold drawn Cc n 
steel 0.09-0.13 0.08-0.40 0.7-0.9 0.085-0.120 89.5 


presented to show the characteristics of the cutting fluids when 
used with each material. The wear on high-speed-steel and 
tungsten-steel hacksaw blades has been observed as indicated 
by the increase in time to cut a given cross-sectional area of a 
free-cutting steel, S.A.E. 1112, with three typical cutting fluids. 


1 Progress Report No. 5 of the A.S.M.E. Special Research Com- 
mittee on the Cutting of Metals, Subcommittee on Cutting Fluids, of 
which C. J. Oxford‘ is Chairman. 

2 Professor, College of Engineering, University of Michigan. 
Mem. A.S.M.E. Prof. Boston was graduated from the University 
of Michigan, Engineering College, in 1913, received a master’s degree 
in 1917, and the degree of mechanical engineer in 1926. After 
graduation he was engaged at the university as instructor in engi- 
neering mechanics and mechanical engineering for four years. In 
October, 1917, he was commissioned in the U. S. Navy and assigned 
to duty in the Bureau of Ordnance on design and manufacture of 
submarine mines used in the North Sea Blockade. From 1919 to 
1921 he was engaged in industrial engineering work for the Cleveland 
Tractor Co., in Cleveland, as assistant to the vice-president and works 
manager. In the fall of 1921, he returned to the University of 
Michigan, where he is now professor of shop practise and director 
of the department of engineering shop. He is author of many papers 


acteristics are shown in Table 1. In the hacksaw tests, all bars 
were machined to a section 1!/, inches square from the original 
size of the castings, forgings, or cold-finished bars listed in this 
table. 


dealing with the subject of metal cutting and is serving on several 
committees dealing with cutting fluids, and standardization and 
nomenclature of small tools and machine-tool elements. 

+ Assistant to Professor Boston, University of Michigan. Jun. 
A.S.M.E. Mr. Kraus received his bachelor of science degree in 
mechanical engineering from the University of Michigan in June, 
1932. He is now continuing work on his master’s degree at the 
University, and is an instructor in the department of engineering 
shop. 

4 Chief Engineer, National Twist Drill and Tool Company, De- 
troit, Mich. Assoc. A.S.M.E. 

Contributed by the Special Research Committee on the Cutting of 
Metals and presented at the Annual Meeting, New York, N. Y., 
December 4 to 8, 1933, of Tae AMmRICAN SocteTy oF MECHANICAL 
ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 


of the Society. 
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on 


va 


k is in units of Btu per hr per sq ft 


0.5284 0.6610 0.9048 0.8748 0.8138 
0.5096 0.6374 0.8620 0.8344 0.7752 
0.5190 0.6490 0.8837 0.8548 0.7942 


-¥ 


0.4510 0.5149 0.6438 0.8738 0.8448 0.7852 


0.4500 0.5142 0.6430 0.8724 0.8440 0.7845 
0.4490 0.5137 0.6417 0.8695 0.8400 0.7818 


0.4630 0.5290 0.6612 0.9052 0.8750 0.8145 


0.4624 
0.4459 
0.4542 


23/,-3, 3 
3.5 
Black 
Black 
temperature of fluid in deg F; 


445 
355 
295 
285 
355 


25 
25 
25 to 20 


.9242 0 to —25 


0.9129 Oto—30 320-305 375 2-2!/4, 21/2-3 
. 8805 


23.5 
23.0 0.9159 Oto—15 340-350 390 


2 0 
6 0 


23.7 0.9117 
29.4 0.8794 


25.4 0.9018 


29. 
21 
— 32)],in which d = specific gravity of the oil at 60 F, ¢ 


69 40.5 
104 45.5 
67 41 
65 40.5 
67 40 
67 41.5 


110 


31 
32 
200 
111 
209 
101 
97 
105 


sulphur 
3 F.F.A. sulphurized 102 


1.19 borax 
2.3 soluble oil 
37 soluble oil 
23-13.6 F.F.A.> 
4.90 oleic acid 
4.38 sulphur 
.34 


2 
4.43 
13.94 fat sulphurized 


@ From ‘Performance of Cutting Fluids,’’ by O. W. Boston and C. J. Oxford, A.S.M.E. Trans., vol. 53, 1931. 


> F.F.A. is free fatty acids. 


8 
12 


10.12 lard oil 
la C = (t¢ + 670)(2.10 — d)/2030, in which t = temperature of fluid in deg F, and d = specific gravity of oil at 60 F. 


Mixed 
Mixed 
Paraffin 
Paraffin 
Asphaltic 
Mixed 


by weight of 


borax in water............ 
1 part soluble oil in 50 parts 


y mineral oil........... 
10 per cent No. 1 lard oil in 
with 5 parts mineral oil.... 


WS 

9 5 percent oleic acid in mineral 
Sulphurized mineral oil. ..... 


1 part soluble oil in 10 parts 


Sulphurized lard oil blended 


per in. per deg F. 


¢ American Petroleum Institute. 


l'/: per cent 
4 Thermal conductivity & computed from formula k = (0.813/d) [1 — 0.0003(¢ 


6 Light mineral oil............ 
¢ Specific heat C computed from formu! 
f National Petroleum Association. 
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Tue Cutting FLuips 


Eleven different cutting fluids were selected as representing 
the various classes found in general commercial use. They are 
listed in Table 2, together with their various properties. These 
cutting fluids have been used in previous tests on planing,°® 


drilling,®:* and milling.’ 


Tue TESTING 


A Peerless power hacksaw was used in the tests. It was a 
standard high-speed machine with a capacity of 9 by 9in. anda _ 
6-in. stroke. A 1!/:-hp motor mounted on the machine drove 
through a short belt to the tight and loose pulley. The saw made 
120 strokes per minute. The saw bl: were of high-speed 
steel (Starrett Company No. 852) 17 in. long, 1 in. wide, and 
0.065 in. thick. They had six teeth } per ago with the set of the 
teeth one right, one left, two straight, etc., and cut a kerf 0.082 
in. wide. A new hacksaw blade was used for each cutting fluid. 
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Fic. 1 Wear on Hacksaw BLapE 


(The wear on a power hacksaw blade when cutting 1'/2:-in.-square sections 

of S.A.E. 1112 steel on the 9 X 9 in. Peerless hacksaw operating at 120 — 
strokes per min with a feed pressure of 119 lb; For curve 3, a \ ¢ speed- 
steel saw blade, 6 teeth per in., was used with cutting fluid No. 3. For 
curves 3b, 6b, 8b, and 10b, a tungsten-steel blade was used: 12 in, long, 
3/,in. high, 0.049 in. gage, with 14 teeth per in., set right, left, straight, etc.) — 


The feed-pressure lever of the machine, which controlled the 
tension in the feed spring, was fixed in the twelfth notch from the 
bottom of the total of 23 notches in the ratchet. This setting 
was not changed during the course of the tests. The feeding 
pressure between the saw and work was measured carefully and 
was found to be 119 lb, equivalent to 13.2 lb per tooth for six 
teeth per inch. These feed pressures are maximum values, that 
is, the values for that point when the feeding finger has just 
caught another notch on the ratchet. The time required to saw 
a slice approximately '/s-in. thick from the end of the various 
1'/,-in.-square bars was found for each cutting fluid by means of 
a stopwatch. 


Tue Hacksaw TEsts 


Dulling Tests. The wear is indicated by the increase in saw- 
ing time per section in minutes as plotted in Fig. 1 over the serial — 
number of the section cut and the total sq-in. area of metal 
cut. The results of some wear tests on tungsten- and high-speed- 


50. W. Boston and C. J. Oxford, ‘‘The Performance of Cutting — 
Fluids,’ A.S.M.E. Trans., vol. 54, 1932, paper MSP-54-2; Sub- 
committee on Cutting Fluids, Report No. 3. ; 

6 QO. W. Boston and C. J. Oxford, ‘‘The Performance of Cutting — 
Fluids When Drilling Various Metals,” A.S.M.E. Trans., 1933, vol. 
55, paper RP-55-1; Subcommittee on Cutting Fluids, Report No. 4. 

70. W. Boston and C. E. Kraus, ‘‘The Elements of Milling,” 

S.M.E. Trans., 1932, vol 54, paper RP-54-4. 
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steel hacksaw blades when cutting bar MF, S8.A.E. 1112 steel, 
are given in Fig. 1 for each of four cutting fluids: the 50 to 1 
emulsion, No. 3; the straight mineral oil, No. 6; the mineral- 
lard oil, No. 8; and the sulphurized mineral oil, No. 10. Curve 
3 was first obtained using a high-speed-steel blade having six 
teeth per inch with a No. 3 cutting fluid. The sawing time of 
the high-speed-steel blade was found to increase uniformly from 
about 1.3 to 1.4 minutes in the first thirty cuts, during which 
time it sawed through 67'/2 sq in. of metal. From this point to 
the sixty-fifth cut, when the test was stopped, there was no ap- 
preciable change in cutting time. The blade was examined 
after the tests and showed no visible signs of dullness. 

To reduce the time of the wear tests, ordinary tungsten-steel 
blades as described in Fig. 1 were used. Curve 3b, giving the 
time for each cut plotted over the number of the cut, was obtained 
with the tungsten-steel blade with cutting fluid No. 3. 


shows a marked increase in sawing time up to the fifteenth cut, | 


and a more gradual and non-uniform increase to the sixty- | 
fifth cut, after which the time increased rapidly for each suc-— 
cessive cut. 
about one-fifth of their height so that very appreciable flats 
were visible. 
wear from 0.067 in. when new to 0.064 in., or 0.003 in. 
tooth was broken out from the leading end of the saw blade. 
It is interesting to note the difference in sawing time between 
curves 3 and 3b, due probably to the difference in tooth pressure. | 


Curve 6b, Fig. 1, shows the sawing time per cut when a straight — 
The 


mineral oil, No. 6, was used with the tungsten-steel blade. 
time of the initial cut was greater than that when cutting fluid 
No. 3 was used. The cutting time increased more rapidly than 
when cutting fluid No. 3 was used. The blade was badly worn © 


(The time to saw off a 1'/:-in.-square section of free-cutting brass, bar BF, 
with various cutting fluids ona 9 X 9 in. Peerless hacksaw operating at 120 
per min a feed pressure of 119 lb. A hacksaw 
blade was used: 17 in. long, 1 in. high, 0.065 in. wide, 0.082 in. kerf, with the 
set of the teeth, right, left, two straight, ng The time per cut for each of the 
first three series of cuts is shown. blade was with each cutting 
fluid for cutting one section pov 4 of seven different metals.) 
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Fic. 2. SawtnG For FREE-CuTTING Brass 


at the end of the test, with nearly one-third of the height of the 
teeth worn off, and three teeth broken out from the leading end. 
The teeth were worn off on the side from 0.073 in. thick when 
new to 0.068 in., or a total of 0.005 in. 

Curve 8b, giving the cutting time per cut when a mineral-lard 
oil, No. 8, was used, shows the greatest rate of dulling. The 
time of the cut at the start was low, but the sawing time per cut 
more than doubled in the sixty-five cuts taken, increasing from 
1.5 minutes for the first cut to 3.3 minutes for the last cut. The 
blade showed somewhat more end wear than that used with 
cutting fluid No. 6 and had six teeth broken out, four from the 


The teeth at the end of the test were worn down _ 


The width of the set of the saw was reduced by © 
One 


leading end and two from the following end. The side wear was 
0.005 in. which reduced the set from 0.068 in. when new to 0.063 
in. 

The sawing time when using the sulphurized mineral oil No. 
10, curve 10b, increases slowly up to the twentieth cut, after 
which it increases more rapidly. At the end of the test, however, 
very little end wear was apparent and no teeth were broken. 
The side wear was from 0.064 in. to 0.057 in., or a total of 0.007 
in. It is probable that the blade would have cut several times 
as much metal. 
~ From the curves of Fig. 1, it is apparent that a cutting fluid 
has an appreciable effect upon the dulling of hacksaw blades 
and it follows that the cutting fluid that gives a low sawing time 
when the blade is sharp is not necessarily satisfactory as the saw 
wears. It so happens that the saws requiring the greatest time 
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Sawine Time in Mmvres 


Fie. SawinG TIME For Cast IRon 


{the time required to saw through a 1!/2-in.-square section of gray cast iron 
bar CF, with various cutting —_ — conditions similar to those outlined 
Fig. 2.) 
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Fic. 4 Sawtne-Time ror S.A.E. 3150 Steen 


(The time required to saw through a 1/:-in.-square section of S.A.E. 3150 
steel, bar KF, with various cutting fluids under conditions similar to those 
outlined in Fig. 2.) 


for the last cut were in the most worn condition. The sul- 
phurized mineral oil No. 10 not only materially prolonged the 
life of the saw blades, but kept the cutting time for each cut 
below that of the other three cutting fluids used. 

Tests to Compare Cutting Fluids. In order to obtain results 
which would permit a direct comparison of the various cutting 
fluids, the following procedure in running the comparative sawing 
tests was used. With a new high-speed-steel saw blade and a 
given cutting fluid, a single cut through a section 1!/,-in. square 
was taken on all test bars, one after the other, and the cutting 
times recorded. A second series of cuts was then taken on the 
bars in the reverse order, and a third series in the same order as 
the first. The actual time for each cut of all three series for each 
cutting fluid is shown plotted over the cutting-fluid numbers in 
order of increasing sawing time for free-cutting, cold-finished 
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Material 
(11/2 X 1!/2-in. section) 1 6 


TABLE 3 CUTTING TIMES FOR EIGHT METALS AND ELEVEN CUTTING FLUIDS 
Cutting fluid numbers 
2 5 9 


11 


Cutting time in minutes® 


Aluminum alloy 
Malleable cast iron..... 
Free-cutting brass...... 


8.A.E. 1112 steel 
S.A.E. 1035 steel 
8.A.E. 3150 steel... .... 
_8.A.E. 1020 steel....... 


Neo 


0 

0 
0.8: 
0.9 
1 

1 

1 

1 

8. 


og 


57. 


on 


@ Lengths of time tabulated are the averages of the first three cuts taken in each series as shown in Figs. 2, 3, and 4. 
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Sawing Time 
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AF-Atuminum | 


DF 
CF -Casr Iron 
MF-SAE 
FF-SAE 1035 
KF -SAE. 3150 
EF-SAE 1020\- 


Meracs ArRanced in Oroer of Increasing Time For Dry Sawing 


Fic.5 Power Hacksaw Cuttrine Tests 


(The time required to cut off a 1'/2-in.-square section of eight different 
metals is shown, when cutting with various fluids on a Peerless high-speed 
standard-type hacksaw having a 9 X 9 in. capacity and operating at 120 
strokes per min with a feed pressure of about 119 lb. A No. 852 Starrett 
high-speed-steel saw blade was used: 17 in. long, 1 in. wide, and 0.065 in. 
thick, 0.082 in. kerf, with six teeth per in., set right, left, two straight, etc. 
The experimental values are the average of the first three cuts of each ma- 
terial. The cutting fluids used were as follows: 


1—Dry cutting 
2—Water containing 1!/: per cent borax 
3—1 part soluble oil to 50 parts water 
4—1 part soluble oil to 10 parts water 
10—Sulphurized mineral oil 
11—Sulphurized lard-mineral oil.) 


brass in Fig. 2, cast iron in Fig. 3, and S.A.E. 3150 steel in Fig. 4. 

It was found that the time for each cut of the first series of 
cuts on most metals was lower than the corresponding time per 
cut in the second and third series. For example, in Fig. 2 are 
shown the lengths of time per cut for the first series of cuts as 
well as the second and third series. The individual times of the 
first series are below those of the second and third series of cuts 
and the curve itself is not similar to the other two. Close agree- 
ment between the points of the first, second, and third series of 
cuts for each oil is shown in Fig. 3 for gray cast iron and in Fig. 4 
for chromium-nickel steel. The corresponding curves for alumi- 
num, malleable cast iron, and 8.A.E. 1035 steel are in very close 
agreement. The curves representing the first series of cuts in 
S.A.E. 1112 steel and S.A.E. 1020 steel are about ten per cent 
below those representing the second and third series which, for 
each steel, are about equal. 

There appears to be a progressive increase in sawing time as 
the blades are used, though visibly they showed no dulling, even 
after all tests were completed. The fact that the lines repre- 
senting the second and third series of tests do not coincide more 
nearly may be due to progressive wear on the saw blade while 
making the cuts. One blade was used for each different cutting 
fluid, and there may have been some slight difference between 
one blade and another. This is not particularly apparent from 
the results of the second and third series of cuts in Fig. 2, nor 
do inconsistencies in Fig. 2 appear to be duplicated in Figs. 3 and 
4 or for the other metals cut. It is of interest to note that the 
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Fic.6 Power Hacksaw Curttina Tests (CONTINUED) 


(The time required to cut through a 1'/2-in.-square section of each of eight 
different metals is given when cutting with additional cutting fluids, under 
conditions otherwise the same as outlined in Fig. 5. The cutting fluids used 


were as follows: 


1—Dry cutting 
5—No. 2 lard oil 
6—Light mineral oil 
first series of cuts vary to the greatest extent from the average 
of the three series in every case. 
The averages of the cutting times for the first three cuts for 


7—Heavy mineral oil 
i mineral oil containing 10 per cent lard oil | 
each metal and cutting fluid are tabulated in Table 3. 


9—Light mineral oil containing 5 per cent oleic acid.) 


Discussion OF CoMPARATIVE TESTS 


The metals are arranged in the vertical column of Table 3 in 
the order of increasing average time required to saw off a 1'/:- 
in-square section. The order holds for all of the cutting fluids, 
although one of the time values is out of order for several cutting 
fluids, particularly for the free-cutting brass. The cutting fluids 
are arranged horizontally from left to right in order of increas- 
ing time. 

The total time to cut one section of each metal with each cut- 
ting fluid is shown in the vertical column at the right. With 
28.98 minutes total for S.A.E. 1020 steel representing 100 per 
cent, the proportional cutting time in per cent is shown for each 
metal. Aluminum is seen to cut in the least time of 5.67 minutes 
or 19.6 per cent of the time required to cut the S.A.E. 1020 steel. 

The total cutting time for each cutting fluid on all metals is 
summarized at the bottom of the table. These values, also, are 
expressed in per cent with the maximum time of 15.61 minutes 
for dry cutting, No. 1; representing 100 per cent. Cutting fluid 
No. 10, sulphurized mineral oil, is shown to reduce the cutting 
time of all metals to 8.56 minutes or 54.9 per cent of that for dry 
cutting. It is seen that the sulphurized oils, Nos. 10 and 11, 
give the lowest average cutting-time values for all metals as a 
whole, with the mineral-lard oil, No. 8, next. The .wo straight 
mineral oils, Nos. 6 and 7, give the highest values next to dry 


AI 1.64 0.60 56 «0.54 0.56 (0.57) (0.46 47 5.67 19.6 
DI 1.02 97 1.06 1.16 1.03 0.87 0.94 10.43 36 
BI 1.45 11 0.90 1.00 1.00 03 0.90 11.56 39.9 
CI 410 1.25 25 1.18 1.42 1.13 1.08 13.00 44.9 
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cutting. The water, No. 2, and the emulsions, Nos. 3 and 4, 
are seen to give rather intermediate values. 

The average of the first three cuts for each cutting fluid and 
material is shown plotted in Figs. 5 and 6. In Fig. 5, the heavy 
line represents the length of time for cutting the various metal¢ 
dry, cutting fluid No. 1. Corresponding times for the water 
compounds, cutting fluids Nos. 2, 3, and 4, together with the 
sulphurized oils, Nos. 10 and 11, also are shown. In Fig. 6, the 
curve for dry cutting is duplicated and curves are added repre- 
senting the results obtained with the oils Nos. 5, 6, 7, 8, and 9. 
From Fig. 5 it is evident that dry cutting requires the greatest 
cutting time for all metals, with the possible exception of malle- 
able cast iron and gray cast iron. The sulphurized oils, Nos. 
10 and 11, produced the lowest cutting téme, the values being 
almost identical except when cutting brass and cast iron, in which 
case, oil No. 10 produced slightly lower cutting times. In Fig. 
6 it is seen that the oils do not produce a wide variation in cut- 
ting time, even when compared with dry cutting. It would ap- 
pear from these two figures that the sulphurized mineral oil, 
No. 10, may, in the long run, be the cheapest cutting fluid to 
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Fie. 7 Inrivence or Curtinc Fiuips on DIrreRENT 
METALS 


(The influence of cutting fluids in cutting through a 1'/2-in.-square section of 
each of eight metals with a 9 X 9 in.-capacity Peerless power hacksaw, as 
outlined in Figs. 5 and 6.) 


use in sawing, inasmuch as the lowest cutting time is obtained 
for all metals and the life of the saw is greatest. 

Final summary curves representing the time required to cut 
eight materials with each cutting fluid are shown in Fig. 7. This 
emphasizes the influence of the various oils on the cutting time 
when cutting the various metals and shows the relatively small 
effect of cutting fluids when sawing aluminum and brass. 


CoNCLUSIONS 


The conclusions reached in this paper are based on fixed con- 
ditions. These are: a specific saw blade operating with a con- 
stant total feeding pressure of 119 lb and with a constant 
cutting speed of 120 strokes per minute for the 6-in. length of 
stroke. The changing of any of these three variables would, 
it is believed, influence the results obtained. Conclusions may 
be summarized briefly as follows: 


From the Dulling Tests. 


(1) It is apparent that cutting fluids appreciably affect the 
rate of dulling of hacksaw blades. 
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(2) A cutting fluid giving a short sawing time with a sharp 
saw blade does not necessarily continue to give relatively short 
times after the blade has become dull. In other words, even 
though the initial cutting time per section is less than that for 
some other cutting fluids, the cutting time for a later cut, after 
the saw blade has become dull, may be higher. 

(3) Of the cutting fluids tested, the least wear was obtained 
with sulphurized mineral oil, No. 10, while the greatest wear was = 
found with the mineral-lard oil, No. 8. The emulsion, No. 3, 
produced faster cutting and a slower rate of wear than the light 
mineral oil. 

(4) The wear, as indicated by the increase in time to saw 
through a 1!/,-in.-square section of S.A.E. 1112 steel, amounted 
to 8 per cent for the high-speed-steel saw blade with 6 teeth per : 
in. and 41 per cent for the tungsten-steel blade with 14 teeth 
per in. while cutting sixty-five sections. The high-speed-steel 
blade showed no visible indications of wear other than polished 
tooth points at the end of each test. 

(5) The tungsten-steel saws, requiring the greatest time for 
the sixty-fifth cut, were in the most worn condition. 


= 


From the Comparison Tests. . 
(6) Of the three series of tests made on all metals with the ° 
' eleven cutting fluids, the first one gave the lowest length of time = 


for each cut and varied most from the average of the three; 
> that is, the times obtained from the second and third series of 
_ tests were nearly equal. 

(7) The results of the three series of tests gave the greatest 
variation when sawing leaded brass and free-cutting steel, while 
those for the other metals were very close. . 

(8) A progressive increase in sawing time was noted for the 
three series of cuts: the first giving the smallest, the second 
slightly greater, and the third the greatest. The high-speed- 
steel saw blades showed no visible signs of wear at the conclusion 
of the test. 

(9) It is apparent from these tests that considerable time in 
sawing a metal may be saved by using the most suitable cutting 
fluid. 

(10) The effect of the cutting fluids varied with the metal 
sawed. The greatest variation in cutting time for the various 
cutting fluids was obtained when cutting the steels. The cutting 
time varied but little for the various cutting fluids when sawing 
aluminum, malleable cast iron, cast iron, and brass. 7 

(11) Of the cutting fluids tested, the sulphurized mineral oil, 

No. 10, was found to be the best; it gave the least sawing time 
and also the least wear on the saw blade. 

(12) Hack-sawing tests using cutting fluids are being con- . 
tinued to determine the influence of variation in cutting speed, 
variation in feeding pressure, and variation in the number of 
teeth in the saw blade. 
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High-Temperature Tens ile, Creep and Fatigue 


Progress Report of the A.S.M.E.-A.S 


Under the sponsorship of the Joint Committee, a 
comparison was made, chiefly at temperatures ranging 
from 1000 to 1200 F, of the resistance to short-time load- 
ing, to prolonged loading (creep) and to repeated stress 
(fatigue) of 18 per cent Cr, 9.5 per cent Ni, 0.5 per cent 
Mn, 0.6 per cent Si steels of 0.067 and 0.125 per cent C. 
Both carbon contents were studied in wrought and cast 
conditions and no “‘stabilizing’’ elements were used. 
Split induction-furnace heats were poured into ingots 
for rolling and into castings. Material of known melt- 
ing history and of identical composition was thus avail- 
able in both the fine-grained (rolled) and the coarse- 
grained (cast) states. Both cast and wrought materials 
were quenched from 2000 F. 

The author describes in some detail the tests performed 
in comparing the characteristics of these steels under 
varied treatment and reports the results obtained together 
with certain conclusions which may be drawn. 


INTRODUCTION 


INCE its formation in 1924, the A.S.M.E.-A.S.T.M. Joint 
Research Committee on Effect of Temperature on the 
Properties of Metals has carried on a program of determina- 

tion and correlation of the fundamental properties of metals at 
low and high temperatures. The results of several laboratory 
studies on carbon and low-alloy steels have previously been re- 
ported.? More recently attention has been directed also to the 
austenitic stainless and heat-resisting steels of the 18 per cent Cr, 
8 per cent Ni type, not only because of the intrinsic importance 
of that type but also, and especially, to reveal the possibilities 
and limitations for drawing generalized conclusions as to high- 
temperature behavior that will be valid both for pearlitic and for 
austenitic steels. A progress report on impact, magnetic per- 
meability, and metallographic structural stability of rolled 18-8 


1 Member of research staff, Battelle Memorial Institute. Upon 
graduation from high school Mr. Cross entered the Metallurgical 
Division of the Bureau of Standards. While so employed he at- 
tended George Washington University, being graduated in 1927 with 
the degree of B.S. in Chemical Engineering. In December, 1929, he 
joined the research staff of the Battelle Memorial Institute. In his 
work at both the Bureau of Standards and the Institute, Mr. Cross 
has concentrated on the investigation of the properties of metal at 
elevated temperatures. 

2 See reports, Joint Research Committee on Effect of Temperature 
on the Properties of Metals, Proc. A.S.T.M., 1925 to 1933, inclusive. 

Contributed by the A.S.T.M.-A.S.M.E. Joint Research Committee 
on Effect of Temperature on the Properties of Metals and presented 
at the Annual Meeting, New York, N. Y., December 4 to 8, 1933, 
of Tam AMERICAN Society oF MECHANICAL ENGINEERS. 

Nore: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society, 
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of Cast and Wrought High- and Low-Carbon, | 
18 Cr 8 Ni Steel From Split Heats 


T.M., Joint Research Committee on Effect of 
Temperature on lee Properties of Metals 
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steels of 0.06 per cent and 0.085 per cent carbon content obtained 
as regular commercial materials, was made in 1932.4 Further 
work on other problems, using these materials, and carried on co- 
operatively in several laboratories of committee and sub-com- 
mittee members, is still in progress. 

This work and other accumulated information brought up cer- 
tain problems requiring clarification, as follows: 


(1) Data so far available indicate that, for some carbon 
steels at least, high-temperature design based on creep, 
i.e., on allowable deformation within the life of the material, 
will not result in a fatigue failure, the endurance limits at 
high temperatures being at much higher stresses than those 
for creep at say a rate of 1 per cent in 10,000 hr. Does the 
same thing hold for an austenitic steel? 

(2) Although there have been some indications to the 
contrary, considerable evidence has accumulated that in 
pearlitic steels, and especially at the upper range of tempera- 
tures, a relatively coarse structure, and a coarse cast struc- 
ture in particular, is more resistant to creep than a finer- 
grained, rolled structure. The generalization is often made 
therefore that castings are superior to rolled material for 
high-temperature service. Does this generalization neces- 
sarily hold for austenitic material? Obviously it would be 
preferable to compare cast and rolled materials from the 
same melt 

(3) Embrittlement of 18-8 steel in the temperature range 
1000 to 1400 F, usually ascribed to carbide precipitation and 
chromium depletion at the grain boundaries, is a major prob- 
lem in the utilization of the steel for high-temperature service. 
An analogous problem, often discussed in connection with 
embrittlement but not necessarily having exactly the same 
cause or remedy, is the loss of corrosion resistance in aque- 
ous corrosive media after sojourn in this temperature range. 
There has been great activity in the application of “stabiliz- 
ing” elements for prevention of embrittlement and propen- 
sity to corrosion. The carbon content of 18-8 is found to 
be of extreme importance, material of the order of 0.02 per 
cent carbon, i.e., below the limit of solubility, being immune 
to deterioration, while, other conditions being equal, in- 
creasing the carbon above the solubility limit brings in- 
creased propensity toward deterioration. Hence, low- 
carbon 18-8 steel with carbon definitely below 0.07 per cent 
is classified separately from high-carbon material of say 0.10 
to 0.15 per cent C 

Nevertheless, in either class, in the absence of stabilizers, 
and as long as the carbon is above the solubility limit, car- 
bide precipitation does occur and the difference is one of 


* Report, Joint Research Committee on Effect of Temperature 
on the Properties of Metals, Proc. A.S.T.M., vol. 32, pt. 1, pp. 
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degree only. In prior work of the joint committee,‘ on 
- 18-8 of 0.06 per cent and 0.085 per cent C (designated as 
K9c and K9d, respectively), both steels were found to behave 
“practically the same” as to change in impact properties at 
room temperature after 1000 hours without stress at 800 
to 1400 F, and also as to carbide precipitation and agglom- 
eration. What happens at such temperatures after long 
periods under stress? 

Inasmuch as there is evidence that the creep resistance 
of 18-8 is higher with higher carbon, the relative deteriora- 
tion in impact of high- and low-carbon grades made in the 
same way is an important problem 

(4) It is known that changes in magnetic permeability 
occur during long heating of 18-8. No direct correlation 
of these changes with impact deterioration has yet been 
found, but added information would be of interest. 


These problems called for the preparation, in the same way 
and from the same “pedigreed” raw materials, of heats of low 
and high-carbon content, the splitting of each heat into cast and 

— rolled products, and the study of the four materials as to high- 

temperature fatigue and creep resistance, with attention to im- 

pact, structural stability, and magnetic properties of the mate- 

rials after having been stressed for long periods in the critical 

embrittlement range. As the study was conducted from the 

fundamental point of view, relating to the 18-8 base itself, no 
“stabilizing’’ element was added. 


ALLOCATION OF WORK AND ACKNOWLEDGMENTS 


The program was too extensive to be handled speedily by di- 
vision of the work among cooperating laboratories of the firms 
with which the committee and subcommittee members are con- 

nected; so funds provided by the National Electric Light Asso- 
= ciation, Engineering Foundation, National Research Council, 
os American Petroleum Institute, and the Alloy Casting Manu- 
facturers’ Association were applied toward the cost of casting 
the steels which was undertaken by the Babcock and Wilcox 
Company, their rolling by the Carpenter Steel Company, of 
te studies of fatigue at the University of Illinois (by N. J. Alleman 
i - under the direction of Prof. H. F. Moore), and of creep, impact, 
etc., at Battelle Memorial Institute (by H. C. Cross and F. B. 
- Dahle with the advice of H. W. Russell and H. W. Gillett). The 
funds supplied did not cover the actual expenditures for the work 
done by Babcock and Wilcox Company, Carpenter Steel Co., 
a University of Illinois, or Battelle Memorial Institute, and ma- 
terial financial aid was thus given the Committee by these groups. 
_ Help was also given by the Union Carbide and Carbon Research 
_ Laboratories, the International Nickel Company, and the Super- 
ane et heater Company in machining test materials. Short-time high- 
temperature tests were conducted by the Babcock and Wilcox 
Company and metallographic examination of some specimens 
was made by the Crucible Steel Company, Illinois Steel Com- 
aw pany, and Union Carbide and Carbon Research Laboratories. 
es All the work was planned and carried out under the advice 
and general supervision of C. E. MacQuigg, Chairman of the 
Subcommittee on Technical Projects. 


Melting. The Committee designation for this series of mate- 
rials was ‘‘K19.”’ The steels were melted in ganister-lined high- 
frequency furnaces using a frequency of 960 cycles. To produce 


4H. C. T. Han, Reports of Subcommittee G, “Cooperative 
Study of Charpy Notched Bar Tests of 18 Per Cent Cr 8 Per Cent Ni 
Stainless Steels,’’ Proc. A.S.T.M., vol. 32, pt. 1, 1932, pp. 156-166. 
L. Jordan, ‘Structural Stability of 18 Per Cent Cr 8 Per Cent Ni 
Stainless Steels at Elevated Temperatures in the Absence of Stress,” 
Proc. A.S.T.M., vol. 32, pt. 1, 1932, pp. 170-192. 
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the desired amount of test material, about 4500 lb was required 
per heat. The largest furnace available had a capacity of 3000 
Ib; so the charge was divided between the 3000-lb furnace and 
a 1500-lb furnace, both parts of the heat melted and poured into 
one ladle for mixing. Approximately a third of each charge was 
scrap of similar composition to the material to be produced. 
The logs of these melts, as supplied by the Babcock and Wilcox 
Company are as recorded in Tables 1 and 2. 


A> 


TABLE 1 HEAT B-1230—MAY 13, 1932—K19H (HIGH CARBON) 
Melt in lb——-— 
Large Small 
furnace furnace 
bs ferro chromium 6 % carbon................ 30 15 
ferro chromium 0.06% carbon.............. 555 275 
Ferro manganese, low carbon................ ean 19 9.5 
added: 


Loc or Larce Heat > 

:50—Power on 
05—All melted, skimmed and slag added made up of '/3 lime, 2/s canister 

lus calcium silicide fines 7 
20—Power off to melt 1500 lb heat 
15—Power on 
35—Last one pound of calcium silicide plus 4 oz aluminum pills plus 9 Ib : 

ferro silicon added 

43—4 oz aluminum block added 
45—Ferro manganese 
47—Power off, temperature 3025 F 


Coo OOO 


Loe or Smatu Heat 
20—Power on 
:15—Power off 

Temperature 3015 F 


Calcium silicide and aluminum added as in big heat 
:59—Small heat and big heat poured into ladle 
Temperature 2940 F 
eet in. fluted ingot poured; temperature 2690 F 
8 in. fluted ingot poured; temperature 2675 F 
10:05—Balance of metal returned to 3000 Ib furnace and reheated 
10:15—Temperature at pouring of No. 2 casting, 286 
at pouring of No. 11 casting, 3750 
11/4 in. swank nozzle used; molds smoked. 
1932—K19L (LOW CARBON) 


oo 


TABLE 2 HEAT B-1234—MAY 13, 


———Melt in Ib 


arge Smal 
furnace furnace 
“KA2s8"" 500 200 
“*KA2s" hot rolled tubes 500 200 
65% ferro chromium 0.06% carbon.............. 580 290 
Ferro manganese, low carbon................... 19 9.5 
Deoxidizers added: 
Loe or Lares Heat 
2:20—Power on 
3:25—All melted, skimmed, slag added made up of !/: lime, 2/s — 
lus calcium silicide fines 
3:30—Power off to melt 1500 lb heat 
4:30—Power on 
4:40—Ferro silicon and remainder of calcium silicide added * 
4:42—Aluminum pills added 
4:48—Temperature 3030 F 
4:50—Ferro manganese added and poured into ladle; temperature 2950 F 


Loc or Smatt Heat 
30—Power on 
30—Power off 
:50—Power on for short period and poured at same time as from big iil 


00—Both heats poured into ladle at 2950 F 

06—10 in. fluted ingot poured; temperature 2775 F einer!” — 

06—8 in. fluted ingot poured; temperature 2715 F 

22—Temperature No. 2 casting, 2890 F 

35—Temperature No. 11 casting, 2650 F wy a 
Rolling of Wrought Material. The metal for the rolled bars 7 

was cast into 10-in. and 8-in. fluted ingots weighing, _— 


11/4 in. swank nozzle used; molds smoked. 
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about 1000 and 490 lb. The ingots were rolled by the Carpenter 
Steel Company into one-inch rounds and shipped to Battelle as 
mill lengths of 9 to 11 ft marked to show carbon content and in- 
got size. A total of 2340 lb of rolled material was supplied. 

Casting and X-Ray Inspection of Cast Material. The sand 
castings were poured after the ingots. Casting temperatures 
are given in the furnace logs. The molds were baked sand and 
poured tilted at 5 deg, gate-end down. The pattern shown in 
Fig. 1 was chosen to given proper feeding and to provide bars 
long enough for fatigue testing. It was agreed upon after con- 
siderable discussion by the committee as to the most practical 
form for the purpose in hand. 


Fig. 1 Keet-Biock Patrern FoR PREPARATION OF THE CAST 


MATERIAL 


The “teeth” or “‘keels’’ were deep enough to allow cutting two 
bars about 1 in. X 1 in. X 14 in. from each. Due to greater 
magnetic permeability of the upper part of the teeth in the case 
of the low-carbon cast material and the desire to 
have all material used as nearly alike as possible, 
only the lower 1 in. of the teeth from the low- 
carbon castings was used in the tests herein re- 
ported. 

The teeth were cut off, marked for identifi- 
cation, and each tooth used was X-rayed for 
defects by Babcock and Wilcox, and tracings 
from the films were supplied to Battelle. All 
the low-carbon cast material used or examined 
was entirely sound. A few of the high-carbon 
teeth had slight defects from blowholes, ap- 
parently from mold gases or trapped air. The 
bars were machined at Battelle, in accordance 
with the X-ray indications, so as to give the 
maximum number of test bars but to exclude 
the slightest apparent defect from the test sec- 
tion of every bar. No visible imperfections 
were found on machining that had not already been revealed 
by the X-rays. 

Heat Treatment. The previous lot of 18-8 (K9) used by the 
committee had been studied as rolled, air quenched (normalized) 
from 1950 F, and water quenched from 2100 F. The Subcom- 
mittee on Technical Projects first planned to study the present 
lots (K19) air quenched from 2000 F, and some rolled material 
was so treated at Battelle and a few creep tests made on it, when 
the subcommittee decided that water-quenching from 2000 F 
would be preferable and more representative of present practise; 
so all further creep work and all the fatigue work was done on 
material water-quenched from 2000 F. This same treatment 
was applied to both cast and rolled materials, of both high and 
low carbon. 


KI9HRW: 
RW 


K 
K19LCW: 


4A. 


K19HRA: 
KI19LRA: 


strength, 


Mat 


High-carbon, rolled 
Low-carbon, rolled 

High-carbon, cast.. 31,200 
Low-carbon, cast. . 


TABLE 4A 
Yield 


Material 


High-carbon, rolled 
Low-carbon, rolled 


All bars were heat treated in 14-in. lengths. The cast bars 
were split to 1 in. X lin. X 14 in. before heat treatment. One 
dummy bar of 18-8 with three thermocouples inserted in holes 
reaching to the center of the bar and located at the middle and 
half an inch from each end, and a dozen of the regular bars were 
placed together on the hearth of a gas furnace with the dummy 
in the center of the row. The bars were not piled upon one an- 
other. The furnace was preheated to 1600 F before charging 
the bars, and the temperature raised over a period of about 45 
minutes until all thermocouples in the dummy bar reached 2000 
F. The bars were then immediately water quenched. The 
few air-quenched bars tested were similarly treated save for air 
cooling instead of water quenching. 

Analysis and Room-Temperature Properties. Chemical analy- 
ses as supplied by the Babcock and Wilcox Company are shown 
in Table 3. 


TABLE 3 aeaerecees COMPOSITION OF K19 18-8 STEEL 

Low-carbon High-carbon 
= heat 
K19L 


® Average of analyses by Union Carbide and Carbon Research Labora- 
tories and Battelle Memorial Institute. These nitrogen analyses were in 
agreement to 0.001 per cent. 

It will be noted that the nickel contents are above the 8 per 
cent of the type composition “18-8.” The nickel contents of 
the K9 steels of the previous committee work were 8.50 and 9.15 
per cent. The nitrogen content of K19L appears to be some- 
what above that normally found in 18-8. 

The room-temperature properties for the materials as water 
quenched from 2000 F, averaged from several closely agreeing 
tests, are shown in Table 4. 


TABLE 4 
Tensile 
strength, 
lb per lb per 
sq in. sq in. 
41,000 91,000 
36,500 85,000 
64,500 
64,500 


Yield Elonga- 
i Reduc- 
tion of 


area, % 


Izod 
impact, 
ft-lb 


28,000 


* Contour too irregular for accurate measurement because of large grain size. 


The properties of the rolled material air quenched from 2000 F are shown in _ 


Tensile = 


strength, 


tion “of 


b per Elonga- 
sq in. tion, % area, % Brinell 
701/23 = 


88,500 62 
85,000 611/2 72 


Surveys For UNIFORMITY 

Hardness. For determining the Brinell hardness two parallel 
flat surfaces were machined on the bars and five Brinell impres- 
sions made, three on one side and two on the other. Two read- 
ings at an angle of 90 deg to each other were made of the diame- 
ter of each impression. In the case of the cast bars the grain 
size was so large that in many cases irregularly shaped impres- 
sions were obtained. It was necessary in these cases to make a 
tracing of a magnified projection of the indentation and then 
measure its area and compute the mean diameter of the indenta- 
tion. The maximum variation noted for the impressions on 
any one rolled bar was three points Brinell. 

The range of hardness of the bars is given in Table 5. 

All bars, both cast and rolled, used for creep tests were first 
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High-carbon, rolled, water quenched 
Low-carbon, rolled, water quenched 
High-carbon, cast, water quenched 
Low-carbon, cast, water quenched ; 
High-carbon, rolled, air quenched.......... 
Low-carbon, rolled, air quenched 


Hardness Range 


155 to 165 
151 to 159 
128 to 134 
134 to 140 
153 to 154 
149 to 151 


KI9LRA: 
tested for magnetic permeability in 14-in. lengths, turned to 0.81 
in. diameter, before machining into creep bars. The specimens 
were placed at the center of a carefully wound solenoid 30 in. 
long and 1.5 in. in mean diameter. A test coil of 500 turns inside 
this solenoid is connected with a ballistic galvanometer which 
gives a deflection of about 2 cm for a change in induction of 1 
gauss. An auxiliary mutual inductance carrying the magnetiz- 
‘ ing current was adjusted to balance out the effect of changes in 
the magnetizing field. On reversing the current a galvanometer 
deflection proportional to the ferritic induction was obtained. 
The field was known and uniform to about 1 per cent. The 
value of «—1 (permeability minus one) should be accurate to 
- about +10 per cent. Tests were made at H = 50, H = 
H = 150,and H = 200. 


TABLE 6 MAGNETIC PERMEABILITY OF 18-8 BARS WATER 
QUENCHED FROM 1925 F 


Magnetic Permeability 

Battelle ~ Westinghouse 
H = 50 H = 200 H = 202 
1.0031 1.0026 1.0029 
1.0035 1.0030 1.0029 
1.0034 1.0030 


Bar Carbon 


number 


Material 


K19HR 
K19HR 
K19LR 


Data for 50, 100, 150, and 200 gausses on any one rolled speci- 
men agreed within 5 in the fourth decimal place. The values 
found ranged as follows: 

= K19HRW: High-carbon, rolled, water quenched 

1.0027 to 1.0037 

KI9LRW: 
1.0027 to 1.0040 


‘< K19HRA: High-carbon, rolled, air quenched 


; from 2000 F all 1.0031 
7 (at H = 50 only) 
& K19LRA: Low-carbon, rolled, air quenched 


from 2000 F 1.0031 to 1.0034 


(at H = 50 only) 


Since the values obtained on the rolled K19 
steels of the present investigation were lower 
than those on the K9 steels of the previous in- 
vestigation (which gave at H = 200 for 0.06 per 
cent C, air quenched from 1950 F, 1.027, and 
for 0.085 per cent C, 1.043), a check on the 
method was made by sending three bars to the 
Westinghouse Electric & Manufacturing Com- 

a pany. These comparisons were made before the 

i. heat treatment to be used in the investigation 
had been decided upon, and bars water quenched 
from 1925 F were used for the comparison. 
This comparison gave the results shown in Table 
6, above, indicating that the test method was 
satisfactory. 

Higher values were found for cast bars, and 
the variation was larger. 

The upper halves of the teeth were slightly 

_ higher in permeability than the lower halves in 
the case of the high-carbon heat, but even the upper halves 

: were not of as high permeability as the committee’s previous 
K9 materials. The low-carbon castings, however, ran from 1.015 
to 1.204 instead of the 1.003 or 1.004 of the rolled bars and 
- the 1.004 to 1.022 of the cast high-carbon, and the upper part 
of the teeth was of distinctly higher permeability than the lower 


Material@ 
K19LCW> 


K19HCW 


part. The feeder block had still higher permeability. The . 
difference was so marked that it was decided to utilize in 
general for the present series of tests only the lower part of the 
low-carbon teeth. Table 7 gives more complete data on the cast 
bars. 

Macrostructure of the Cast Material. In the hope of determin- 
ing the cause of these differences in permeability, sections were 
cut from the right and left ends of the four teeth of the high-carbon 
casting No. 7, part of which was known from the X-ray examina- 
tion to be waste because of the blowholes shown in teeth 7-3 and 
7-4. These sections were ground and macroetched and are 
shown in Fig. 2. 

An area containing large grains is noted near the top and on 
the same side of the left-end sections of teeth Nos. 1, 2, and 3. 
The same is true for the right-end sections of teeth Nos. 1, 2, and 
3, but surprisingly the large grain areas are on the opposite side 
of the tooth. Tooth No. 4, which on the left end has fine grains 
on all of both sides of the tooth, on the right end has large grains 
on almost all of both sides of the tooth. Apparently the grain 
size at the right end of the teeth is just the opposite of the corre- 
sponding locations at the left end. 

The casting was gated at the right end, and the macrostruc- 
ture shows the larger grains in the sections cut near the right end 
of the teeth. 

Fig. 3 (slightly enlarged) shows the macrostructure of bars 
of 13/,, in. in diameter cut from the upper and lower halves of 
teeth of the low-carbon cast 18-8. These bars were intended 
to be used for preparation of creep-test specimens, and no signifi- 
cant differences are shown between bars from the upper and 
lower halves of the teeth except the orientation of the grains. 
There is not such a large variation in grain size as appears in 
Fig. 2. Nevertheless, in view of the wide variation in perme- 
ability the upper halves were not used. 

While some variation in behavior might be expected from 
specimens of such large and somewhat variable grain size, the 
large grain size was welcomed as tending to accentuate the factor 
of difference in grain size between rolled and cast material, one 
of the chief points to be investigated. Moreover, massive cast- 
ings of irregular section, cooling from the melt at rates similar 
to the cooling rates of these teeth, would have similar grain size 


TABLE 7 HARDNESS AND MAGNETIC FOR CAST 


ARS USED IN THE CREEP AND FATIGUE TEST 


Brinell 
hardness 
number 


Magnetic Permeability 
H = 50 H=100 H=150 H = 200 


Location 
in tooth 
Lower half 
Upper half 
Lower half 
Upper half 
Lower half 
Upper half 
pper ha 

Feeder block 
Lower half 
Upper half 
Lower half 
Upper half 
pper 
Lower half 
Upper half 
Upper half 
Upper half 
Upper half 


Specimen 
num 
5S3-1, 2 


1 
1 
1 
1 
1 
1 
1 
1 
1 
a. 
1 
1 
1 
1 
1 
1 
1 
1 


1 
1 
1 
1 
1 
1 
1 
1 
1. 
1 
1 
1 
1 
1 
1 
1 
1 
1 


@ All water quenched from 2000 F. 
K19LCW material: 
¢ K1I9HCW material: high-carbon (0.12 


low-carbon (0.067 cent). 


per cent). 


and similar junctions between families of grains. 

Initial Microstructure. The microstructure of the four lots, 
KI9HRW, KiI9LRW, KI9HCW, and KI9LCW, as water 
quenched from 2000 F is shown in Figs. 4, 5, 6, and 7. These 
original structures appear fully austenitic and free from carbide 
at grain boundaries. 
be 


536 
get K19HF 
K19LR 
7 K19HC 
201 1.0196 
2-1, 2 140 0172 0173 1.0168 0158 
: Aa 2-3, 4 137 1220 1160 1.1810 1690 
3-1, 2 136 0167 0169 1.0164 0155 
3-3, 4 135 1260 1170 1.1100 1110 
-1,2 135 0582 0552 «1.0565 0510 
—3, 4 136 1080 1007 1.0954 0907 
134 1681 1525 1.1418 1328 
1-1, 2 134 0042 0044 1.0045 0045 
1-3, 4 134 .0047 0050 1.0052 0051 
2-1, 2 132 .0037 0039 1.0040 0039 
2-3, 4 130 .0079 0089 1.0087 0085 
3-1, 2 133 0039 1.0040 0039 
3-3, 4 133 .0099 0099 ~=1.0100 0097 
4-1, 2 133 0042 0042 1.0044 0043 
a= 4-3, 4 134 .0058 0060 1.0061 0058 
-3, 4 134 .022 022 1.022 0200 
1’ 132 015 1.015 1.014 014 
= 
| 


| 


Metal, 
approximate 
designation and 
Material carbon content, % Rolled or cast? 
K19LRW B—0.067 Rolled 
B—0.067 Rolled 
KI9LRW B—0.067 Rolled 
KI9LRW B—0.067 Rolled 
= 

KI9LRW B—0.067 Rolled 
K19LCW S—0.067 Cast 


K19LCW S—0.067 


K19HRW G—0.125 
K19HRW G—0. 125 
K19HRW G—0. 125 
K19HRW G—0.125 
K19HCW F—0.125 
K19HCW F—0.125 
K19HCW F—0.125 


® The castings were in the form of keel blocks about 14 in. X 7 in. X 5 in. with 4 longitudinal keels, or teeth, on the bottom. 
teeth were obtained test coupons about 14 in. X 2.5 in. X 1 in., and from each coupon were supplied 2 specimen blanks about 14 in. X 1 in. square. 


Rolled 


Rolled 


Rolled 


Rolled 


Rolled 


Cast 


Cast 


Cast 


+ Specimen from upper part of tooth as cast. 


Material Metal 


K19LRW B—0.067% C—rolled 
K19LCW S—0.067% C—cast 
K1I9HRW G—0.125% C—rolled 
K19HCW F—0.125% C—cast 


* No short-time tensile tests 


Speed of 
testing 
machine, 


rpm 
2500 


2500 


2500 


2500 


200 


2500 


2500 


2500 


2500 


200 


2500 


2500 


Room temp., 
2500 
40,000 
36,000 
42,000 
35,000 


rpm 


2500 rpm 
32,000 
37,000 


Temp., F 


RESEARCH > 


Stress 
(reversed) 
flexure), 
Ib per sq in. 


Room 


800 


1000 


Room 


1000 


1200 


1200 


Room 


1200 


1200 


(Endurance limits under reversed flexure) 
Endurance Limit, Lb Per Sq In. 
1000 F 


Cycles forfracture 


332235 


305,000 


RP-56-6 


Leo 12 TABLE 8 TEST DATA OF FATIGUE TESTS AT ELEVATED TEMPERATURES ON METAL K19 


= 


Retest 


Did not fracture 
Did not fracture 


Did not fracture 


Did not fracture 


Did not fracture 


Retest 

Did not fracture 
Did not fracture 
Did not fracture 


Did not fracture 


Did not fail 


Flaw 

Did not fracture 
Did not fracture 
Retest 


Did not fracture 


Did not fracture 


Did not fracture 
Did not fracture 


Stress above yield point 


Did not fracture 
Did not fracture 


Accidental preliminary overstress 


Did not fracture 
Did not fracture 


Did not fracture 


Did not fracture 


Did not fracture 
Did not fracture 


Ball bearing broken 


From each of these 


Did not fracture 
Did not fracture 


wih 


TABLE 9 RESULTS OF FATIGUE TESTS AT ELEVATED TEMPERATURES ON METAL K19 pee 


2500 rpm 
32,000 30,000 
20; 
38,000 32,000 


Room temp., 1000 F, 


2500 rpm 2500 rpm 2500 rpm 2500 rpm 200 rpm 


Endurance Ratio® 
1 


54 64 
54 
57 66 
ee 57 


Remarks 


Load above yield point 
Retest 


40/000 
49,000 22'000 
44,000 115,000 
41,000 443,000 
39,000 10,952,000 ie 
38,600 11,090, 
34,000 26,000 
31,700 27,405,700 
33,300 271,700 
32,000 290,000 
1200 37,300 15,000 
32,000 30,100 
30,800 «60 
30,000 1,549 
29,500 42,000 
1200 35,000 103 
34,000 25, 
33,000 13, 
32,000 162, 
31,000 8,000) 
29,000 1,415] 
| Room 42,800 32, 
38,300 60, 
36,300 1,293, 
32,700 42,653, 
Cast 2500 1200 28,200 5] 
~ 20,000 15,000 = 
K19HRW G—0. 125 2500 50,000 25,000 
47,000 75,000 
42/000 25,648,000 
800 40,800 39,300 
38,700 155,000 
39,000 —-:112,200 
38,200 55,400 
37,000 11,669,700 
35,000 29,000 
34,000 30,000 
= 39,000 40,000 
37,200 10,109,100 
35,000 10,089,900 
39,000 2,000,000 
38,000 2,518,000 
36,000 20,000,000 
33,500 204,619,900 
32,500 24,421,000 
2500 33,000 29'000 
25000 50,000 
25,000 
22. ‘578,900 
> 
! 37,000 46 
ie 


me, . 


538 


The grain size in the cast material is very large, as was shown 
in the macrographs in Figs. 2 and 3, so that in the photomicro- 
graphs of the cast material in Figs. 6 and 7 only a small section 
of the grain boundaries of one or several grains is shown. 

Fatigue Tests. The specimens were heat treated at Battelle 
by water quenching from 2000 F as described above and shipped 
to Professor Moore at the University of Illinois. The testing ma- 
chine used, the testing procedure, and the means of controlling 
and measuring temperature of specimens were the same as those 
described in detail in the former report® on fatigue test of struc- 
tural steel at elevated temperatures. 

Table 8 gives the test data of the fatigue tests on K19 metal, 
Table 9 gives a summary of the endurance limits determined, 
and Figs. 8 and 9 give the S-N diagrams for the various metals 
tested. 

The cast metal required a larger number of cycles of stress to 
determine endurance limit than did the rolled metal. 

Comparing the behavior of metal K19 with the behavior of 


Right End Sections 
(Bottom) (Bottom) 


Inside Adjacent faces 
Outside face.“ 


odnside Adjacent Faces « 4 


(Bottom) 


Tooth Pee h 7-2 


Fig. 2 MACROSTRUCTURES OF SECTIONS 


(Taken !4/i6 in. from ries and left ends of the four teeth from casting No. 7, 

high-carbon K19HC. Etched by heating one hour at 160 Fina solution 

of 38 per cent hydrochloric acid, 12 per cent sulphuric acid, and 50 per cent 
water.) 


(Bottom) 
Sections 
Tooth 7-3 


(Bottom ) 


Tooth #4 


the 0.17 per cent carbon steel K1, previously reported,® it may 
be noted that at the highest test temperature, 1200 F, the fatigue 
fracture was decidedly better marked than in the case of. the 
structural steel. With the soft structural steel it was sometimes 
difficult to tell whether the final failure was by spreading crack 
or by slow flow. While there were some evidences of flow in 
metal K19, they were not nearly so pronounced. 

The room-temperature endurance ratios of the rolled material 
are normal for ferrous materials; those for the cast material are 
fairly high and of special interest in view of the large grain size. 


The endurance ratios at 1000 F for both cast and rolled ma- 


5 Proc. A.S.T.M., vol. 31, pt. 1, 1931, p. 114; and vol. 32, pt. 1, 
1932, pp. 153-155. 


od TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


terial and at 1200 F for cast are also in the normal range, though 
on the high side of the normal range. Those for rolled mate- 
rial at 1200 F and 2500 rpm, averaging 65, are distinctly high, 
and the single value at 1200 F for 200 rpm is exceedingly high. 
Where tests were made both at 2500 and 200 rpm on the rolled 
materials, the results at the slower speed were no lower, and in 
one case markedly higher, than at the higher speed. 

The endurance limits, together with the short-time tensile and 
creep data and the range of impact values after creep test, to be 
presented below, are plotted in Figs. 10 to 13. The general re- 


lations of tensile, fatigue, and creep values are quite similar to 


Half of Tooth 


Lower Half of 


6 IN. IN DIAMETER 
low-carbon 18-8 Steel, 


Fie. MacrostructTures oF Bars !3/, 


(Taken at center of 14 in. lengths of teeth of cast, 
KI9LC.) 


those previously found for a plain low-carbon steel.6 The com- 
ment made in respect to that steel (K1), “the curves indicate that 
a design based upon allowable deformation within the life of the 
material in service will not result in a fatigue failure,” may be 
repeated as applying equally to these (K19) steels. 

Short-Time High-Temperature Tests. The tests cited were 
made in the laboratories of the Babcock and Wilcox Company 
through the courtesy of H. J. Kerr and J. B. Romer. 

All material subjected to the tensile tests was water quenched 
from 2000 F. No air-quenched specimens were tested. 

The Babcock and Wilcox tests were made with equipment and 
by methods conforming to the requirements of the Joint High 


TABLE 10 ELONGATION AND REDUCTION OF AREA; SHORT- 
TIME, HIGH-TEMPERATURE TESTS 
900 F ~ 1000 F 1200 F 
Elonga- Reduc- Elonga- Reduc- Elonga- Reduc- 

tion, tionof tion, tionof tion, tionof 

% area, % % area, % % area, % 
Low C, 
rolled, 
2000 F, 

water 


LowC, cast, 

2000 F, 
water 
High C, 
rolled, 
2000 F, 
water 
High C, 
cas t, 
2000 F, 
water 


661/2 67'/2 36"/2 


651/2 59!/2 39 


40 


50"/s 


Temperature Committee’s Code (Section 15 of A.S.T.M. Tenta- 
tive Methods of Tension Testing of Metallic Materials, E8-32T). 
Stress-strain diagrams, made with a head speed of less than 
0.05 in. per minute, up to the time of removal of the extensome- 
ters, are shown in Figs. 14 to 16. The extensometers were 
mounted on the grips outside the oe heating furnace. 


50 57!/2 38 40 37 


q 
a 
* 
—— 
(Bottom) 
Left End 
— 
j 
2 
| 


The tensile strengths are plotted 
in Figs. 10 to 13 while the yield 
strengths may be taken from Figs. 
14 to 16. The elongation and re- 
duction of area in the short-time 
high-temperature tensile tests are 
shown in Fig. 17 and recorded in 
Table 10. 

No lack of ductility was shown at 
900, 1000, or 1200 F, save perhaps in 
the high-carbon cast material at 1000 
F, where the ductility was down to 
the relatively low figures of 38 per 
cent elongation and 40 per cent re- 
duction of area. At 1200 F, how- 
ever, both the elongation and the 
reduction of area were of the same 
order as in the wrought and the low- 
carbon specimens. No tensile tests 
are available as yet at 1100 F. 

It will be noted subsequently, under 
the discussion of creep, that at 1100 
and 1200 F, several specimens of cast 
high-carbon broke in the creep tests 
at loads above 10,000 lb per sq in., 
after having elongated only about !/2 
of 1 per cent. A specimen at 1000 
F, loaded at about 26,500 Ib per sq 
in., broke in the test, but only after it 
had attained 9'/, per cent elongation, 
which could scarcely be called a very 
brittle behavior. The fracture under 
prolonged loading at 1100 to 1200 F 
at around !/, per cent elongation does 
indicate tension-brittleness, but no 
sign of this is shown in the 1200 F 
tensile test. 


Fie. 4 


Creep TESTS 


Equipment and Methods of Test. 
The creep-test equipment used in 
this work at Battelle Memorial In- 
stitute was in general similar to the 
equipment in use at the Crane Com- 
pany laboratories, the details of which 
were described by Kanter and 
Spring.° 

Gap-wound furnaces similar to 
those of Kanter and Spring were 
used. Fig. 18 shows the tempera- 
ture calibration bar and the test 
specimen used for the creep tests 
herein reported. 

Five thermocouples were located in the specimen during cali- 
bration of each furnace for temperature uniformity. The lo- 
cations of these thermocouples are shown in Fig. 18. During 
the actual tests only thermocouples Nos. 1 and 5 were used. 
Thermocouple No. 1 is the control thermocouple and is connected 
to an automatic temperature controller. Thermocouple No. 5 
is connected to an automatic temperature recorder and gives a 
continuous record of the specimen temperature. 

Preliminary temperature explorations of furnaces as previously 
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6‘ J. J. Kanter and L. W. Spring, ‘‘Long-Time or Flow Tests of 
Carbon Steels at Various Temperatures With Particular Reference 
to Stresses Below the Proportional Limit,’’ Proc. A.S.T.M., vol. 28, 

pt. 2, 1928, p. 80. 
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B38-9: Low-CarsBon K19, 
WATER QUENCHED From 2000 F 


382-2: Cast, Low-CarBon K19, 
WATER QUENCHED From 2000 F 


(Magnification of etched specimens in Figs. 4, 5, 6, and 7—500 X. Etchant—two parts HCl, one part HNOs, 
and one part acetic acid in three parts glycerin.) 


Fig. 5 G27-9: Rotiep, Hieu-Carson K19, 
WaTER QUENCHED From 2000 F 


i. 
Fie. 7 11-1-1: Cast, Hies-Carson K19, 


WATER QUENCHED From 2000 F 


constructed for use on pearlitic steels showed too large tempera- 
ture gradients in the reduced section of the test specimens when 
used on 18-8 with its lower thermal conductivity. To improve 
and reduce the temperature gradient, some new furnaces were 
wound and lined with silver sheet 0.020 in. thick. A separate 
calibration was made for each furnace and temperature, using 
an 18-8 calibration bar. The following temperature variations 
were found between thermocouples Nos. 2, 3, and 4, whose lo- 
cations are shown in Fig. 18. At 800 F the minimum variation 
along the gage length in different furnaces was 1 F and the maxi- 
mum 4 F, at 1000 F the minimum was 2 F and maximum 3 F, 
and at 1200 F the minimum was 0 F and the maximum 6 F. 
The temperature at the center of the specimen was main- 
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o»>Specimen did not Fracture 
Test Runat2500 Cycles per min 
e Jest Runat 200 Cycles per min 


Temperat 


200 F 


| 


Cast- oom 


Extreme Fiber Stress, 1000 Ib per sq in. 


107 108 
Cycles i Reversed Flexure for Fracture 
Fie. 8 S-N Dracrams For 0.067 Per Cent CARBON, NICKEL- 
CHROMIUM STEEL 


tained during the tests within a total variation of +1 F. 

In some furnaces the differences between the center (No. 3), 
control (No. 1), and recorder (No. 5) thermocouples were as low 
as 2 F, and in others the difference was as high as 8 F. During 
the actual tests the temperature at thermocouple No. 1 was regu- 
lated to give the desired temperature over the gage length of the 
test specimen. 

The room in which the creep apparatus is located is provided 
with thermostatic control. During the tests herein recorded the 
room temperature at the time of making readings was held con- 
stant within 7 F. 

For measurement of elongation two platinum strips were used, 
one fastened on the shoulder at each end of the gage length of 
the test specimen as shown in Fig. 18. The strip fastened to 
the upper shoulder had its edges folded over to form a slot into 
wuich is fitted the strip fastened to the lower shoulder. The 
fit was loose enough so that movement of the strips relative to 
each other was not restricted. The strip fastened to the lower 
shoulder had a raised portion down the center, so that it would 
be in focus with the folded-over edges of the strip fastened to the 
upper shoulder when viewed through the telescope micrometer. 

A series of very fine cross marks was ruled on the folded edges 
of the upper strip and on the center raised portion of the lower 
strip. Changes in length of the test specimen were measured 
by determining the changing distance between some two picked 
cross marks on the two strips. Those cross marks in best focus 
were used. If the rate of elongation was so rapid that the dis- 
tance between the cross marks exceeded the range of the microme- 
ter, conversion to another closer set of cross marks was made and 
the subsequent elongations added. This set-up was required 
because of the large extension of 18-8 in the early stages. 

The telescope micrometer was fitted with a filar micrometer 
and mounted on a graduated screw. Calibration showed the 
smallest division on the filar eyepiece to read to 0.000048 in., 
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which on a 2.3-in. gage length gave readings to about 0.00002 in. 
per inch, or 0.002 per cent. 

Readings of the elongation of each specimen were made daily 
by two observers. Time-deformation curves were plotted from 
the data of each observer, and the time-deformation curves shown 
in this report represent averages of the curves of the two obser- 
vers. Either observer’s data led to the same results, but two ob- 
servers were a necessary precaution in case of illness or absence 
of one. 

Aziality of Loading. No direct measurements were made 
during the tests to determine axiality of loading, although ex- 
treme care was exercised in setting up the tests to insure it as far 
as possible. All units were, of course, provided with ball and 
socket joints. 

In some previous creep work one test unit was.modified so as 
to permit attachment to the test specimen and reading of two 
sets of platinum strips spaced 180 deg apart. Since the com- 
pletion of this research on 18-8 steel, all Battelle creep apparatus 
has been modified to permit readings of deformation on opposite 
sides of the test specimen. The earlier work and the results ob- 
tained in regular use since the equipment was modified show 
that in the early stages of the test period, in some instances, there 
were slight differences in the rate of elongation on the two sides. 
However, after a brief initial period, the rates of elongation be- 
came practically the same and the time-deformation curves 
parallel. For this reason it is felt that in the tests herein reported 
satisfactory axiality of loading was obtained. 

Various precautions taken for accuracy in creep work at 
Battelle are described in more detail by Gillett and Cross.’ Al- 
though this creep work for the Joint Committee was practically 


7H. W. Gillett and H. C. Cross, “Obtaining Reliable Values for 
Creep of Metals at High Temperature,’ Metals and Alloys, vol. 4, 
pp. 91-98. 
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completed before the promulgation of the tentative creep “‘code,’’® 
it is believed that the requirements of the code have been met or 
exceeded. The creep tests were carried well beyond 1000 hr, 
as against the 500 hr specified by the code for determinations 
to be reported in terms of 1 per cent in 10,000 hr, in all cases, 
save where the deformation was so great as to make this unneces- 
sary, or unless, as in the case of some of the high-carbon cast 
specimens, fracture occurred before that. A single run at 1400 
F was carried only to 665 hr. 

The Subcommittee on Technical Projects instructed the in- 
vestigators to determine the stresses for a final creep rate of 1 per 
cent in 10,000 hr and to concentrate on temperatures of 1000 
and 1200 F, and on the use of water-quenched material. Some 
tests were carried out at lower final rates of deformation, but no 


* Tentative Method of Test for Long-Time (Creep) High-Tempera- 
ture Tension Tests of Metallic Materials, Proc. A.S.T.M., pt. 1, 
1933, p. 1004, E22-33T. 
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attempt was made to carry the work to a complete determination 
of stresses for a final rate of 1 per cent in 100,000 hr. A few 
tests were made at 1100 F and a very few on air-quenched rolled 
material. 

The initial program did not include testing the low-carbon 
cast material, though it was hoped to include this ultimately. 
The preliminary data on the high-carbon cast, however, made it 
appear important to include the low-carbon cast. Time and 
funds were not available for as complete a study of the low-carbon 
cast as of the other materials. > 


DETAILED Resutts oF Creep TEsTs 


Since the first heat treatment specified was air quenching from 
2000 F, the first of the creep tests were made at 1000 and 1200 
F on air quenched rolled bars. All later tests were made on water 
quenched bars. The time-deformation curves for the air-quenched 
material tested at 1000 and 1200 F are shown in Figs. 19 and 20. 
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TABLE 11A CREEP TEST DATA FOR LOW-CARBON 


RP-56-6 


18-8" STEEL (K19L) 


Temp. of Duration Load Initial -——Secondary Elongation——. Final elongation 
Specimen creep test, of test, Ib per elongation, 2 per hr in % per hr after in creep test, 
treatment number deg hr sq in. 0 rst 500 hr 00 hr % Remarks 
Low-Carbon, Rolled 
K19LRA R62-1’ 1000 842 17,320 Give  ““saes 0.000234 19 Air quenched 
KI9LRA R62-1 1000 842 21,845 i ses 0.000336 2.69 Air quenched 
K19LRW B21’-4 1000 1,061 15,040 0.000027 0.267 Water quenched 
KI9LRW B21’-2 1000 1,108 17,325 0.26 0.000124 0.000058 0.467 Water quenched 
KI9LRW B38-—2’ 1000 1,553 19,625 6 .0001094 1.007 Water quenched 
KI9LRW B21’-3 1000 1,293 21,815 0.00015 1.841 Water quenched 
K19LRW B38-1’ 1100 1,201 12,835 0.000048 > 0.170 Water quenched 
K19LRW B38-3 1100 768 17,325 0. 1.001 Water quenched 
KI9LRA B19-1 1200 390 10,570 0.097 ee er 0.717 Air quench 
KI9LRW B21-3 1200 1,252 6,100 (A Jeol 0.000042 0.212 Water quenched 
KI9LRW B38—2 1200 1,655 8,345 eo 0.000122¢ 0.594 Water quenched 
K1I9LRW 48 1200 1,346 10,600 0.000265¢4 0.623 Water quenched 
K19LRW B21-1’ 1200 240 12,820 0.092 0.00558 i ...... 1.614 Water quenched 
Low-Carbon, Cast 
K19LCW 1383-2 1000 1,276 12, a ere 0.000015/ 0.198 Water quenched 
K19LCW 1382-1 1000 1,132 15,115 0.000035¢ 1.384 Water quenched 
K19LCW 583-2 1000 1,612 17,325 0.000016 3.512 Water quenched 
K19LCW 583-1 1200 1,300 5,000 i ae < 0.000014 0.075 Water quenched 
K19LCW 1382-2 1200 1,300 7,000 < 0.00001/ 0.156 Water quenched 
K19LCW 1383-1 1200 964 9,500 0.000186% 0.334 Water quenched 


@ From 1000 to 1500 hr. 
f From 500 to 1275 br. 


+6 From 700 to 1175 hr. 
9 From 700 to 1130 hr. 


TABLE 11B 


The details of all the creep tests on both air- and water-quenched 
rolled materials of both low- and high-carbon contents and the 
quenched cast material of both low- and high-carbon content 
are shown in Tables 11 and 12. 

The time-deformation curves for the quenched cast and rolled 
materials of low-carbon content are shown in Figs. 21, 23, 25, 
27, and 30; those for high-carbon are shown in Figs. 22, 24, 26, 
28, 29, and 31. 

In Fig. 32 the rates of secondary elongation produced by the 
various stresses are plotted against the stresses. These rates 
of secondary elongation were scaled from the latter portion of 
the time-deformation curves after a fairly uniform rate had been 
attained. It is of interest to note that in all but a very few in- 
stances the test had to progress at least 500 hr, and in many 
instances not until after a considerably longer test period, be- 
fore a fairly uniform rate was attained. The data plotted in 
Fig. 32 do not take into consideration the initial elongation or 
subsequent elongation taking place during the first portion of 
the test period. In some instances where strain-hardening 
effects were noted there was considerable elongation during the 
first 500 hr before a uniform rate of elongation was ap- 
proached. 

Therefore, in Figs. 33 and 34 are shown data for the total de- 
formations calculated to result from the various stresses in 10,000 
hr. These values were obtained by extrapolating the time- 
deformation curves at the same rate of elongation as existed over 
the latter part of the test period, as indicated in Tables 11 and 12. 


¢ From 1100 to 1650 hr. 
4 From 1000 to 1300 hr. 


4 From 800 to 1350 hr. 
i From 500 to 950 hr. 


¢ From 50 to 240 hr 


IMPACT AND MAGNETIC PERMEABILITY DATA AFTER CREEP TEST FOR LOW-CARBON “18-8” STEEL (K19L) 


Final 
Material Temp. of Duration Load, elongation ——-——-——---—-After Creep Test 
and heat Specimen creep test, of test lb per in creep Izod impact ————— Magnetic permeability ———-——_—~ 
treatment number deg F hr sq in test, % resistance, ft-lb =50 H= 100 H = 150 H = 200 Remarks 

Low-Carbon, Rolled 

KI9LRW B38-9 None 107—107-101-103 1.0032 1.0032 1.0032 1.0033 Water quenched 
KI9LRA R62-1’ 1000 842 17,320 1.2 109-112 1.019 1.019 1.018 1.018 Air quench 
KI9LRA R62-1 1000 842 21,845 2.69 119-117 Air quenched 
K19LRW B21'-4 1000 1,061 15,040 0. 267 114-116 bax Water quenched 
KI9LRW B21’-2 1000 1,108 17,325 0.467 116-117 er Water quenched 
K19LRW B38-2’ 1000 1,553 19,625 1.007 107-109 1.0368 1.0324 1.0283 1.0263 Water quenched 
KI9LRW B21’-3 1000 1,293 21,815 1.841 110-113 1.024 1.023 1.023 1.021 Water quenched 
KI9LRW B38-1’ 1100 1,201 12,835 0.170 111-109 1.117 1.166 1.160 1.140 Water quenched 
KI9LRW B38-3 1100 768 17,325 1.001 99-100 1.112 1.17 1.166 1.149 Water quenched 
K1I9LRA B19-1 1200 390 10,570 0.717 114-113 Air quenched 
KI9LRW B21-3 1200 1,252 6,100 0.212 111-108 ‘ay Water quenched 
K19LRW B38-2 1200 1,655 8,345 0.594 99— 99 1.1165 1.1010 1.0825 -0691 Water quenched 
K1I9LRW 48 1200 1,346 10,600 0.623 99- 97 1.190 1.170 1.140 1.120 Water quenched 
KI9LRW B21-1’ 1200 240 12,820 1.614 98-108 1.202 1.222 1.197 1.170 Water quenched 
K19LCW 1383-2 1000 1,276 12,800 0.198 93-93 1.021 1.022 1.024 1.024 Water quenched 
K19LCW 1382-1 1000 1,132 15,115 1.384 94-95 1.018 1.019 1.019 1.018 Water quenched 
K19LCW 583-2 1000 1,612 17,325 3.512 95-97 1.0216 1.0245 1.026 1.018 Water quenched 
K19LCW 583-1 1200 1,300 5,000 0.075 105-100 1.135 1.157 1.183 1.184 Water quenched 
K19LCW 1382-2 1200 1,300 7,000 0.156 106-101 1.127 1.147 1.167 1.159 Water quenched 
K19LCW 1383-1 1200 964 9,500 0.334 98-92 1.113 1.131 1.158 1.148 Water quenched 


This method gives a lower stress value than that producing a 
secondary elongation rate of 1 per cent in 10,000 hr, since 
the values depend not only on the rate of elongation at the end 
of the test but also on the magnitude of the initial elongation and 
the strain-hardening effects. 

Rather large initial elongations resulted upon application of 
the loads in the tests at 1000 F. i . 


Discussion oF THE CREEP Test Data 


When tested at 1000 F in the air-quenched condition, the high- 
carbon rolled material showed both a lower initial elongation and 
a lower rate of secondary elongation than the low-carbon rolled 
material. 

In the water-quenched condition at test temperatures of 1000, 
1100, and 1200 F the high-carbon rolled material was again su- 
perior to the low-carbon material in regard to initial elongation, 
rate of elongation, and total deformation. These relations are 
clearly shown in Figs. 32, 33, and 34, and by the data shown in 
Tables 11, 12, and 13. Norton® also shows, in his Figs. 55 and 
56, superior creep resistance for high-carbon 18-8 as compared 
with low-carbon 18-8. Comparison of the test data also shows 
that both the low-carbon and high-carbon rolled materials have 


* F. H. Norton, “Creep of Steels at High Temperatures,’”” McGraw om 


Hill Book Company, 1930. 

H. D. Newell (quoting recent work of Norton), “Alloy Steel 
Tubes for Refinery gate Refiner and Natural Gasoline Manu- 
facturer, vol. 12, 1933, pp. 122-131. 


543 
> 
y 
= 
. 
4 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


TABLE 12A CREEP TEST DATA FOR HIGH-CARBON “18-8"" STEEL (K19H) 7 


Material ’ Temp. of Duration Initial — es Elongation——~ Final elongation 

and heat Specimen creep test, of test, elongation % perbrin %perhrafter_ in creep test, 

treatment number deg F % first 500 hr 500 hr of 
High-Carbon, Rolled 

KI9HRA p 17,345 0.61 

KI9HRA 21,820 72 

K19HRW ‘ 17,440 

K19HRW 22,315 

K1I9HRW ‘ 23,000 

K19HRW 24,065 

K1I9HRW : 

K19HRW 

K19HRW 

KI9HRA 

KI9HRW 

K19HRW 

K19HRW 

K1I9HRW .04 

K19HRW 1,600 0.017 


High-Carbon, Cast 


Remarks 


Air quenched 

Air quenched 

Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Air quenched 

Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 


K19HCW 
K19HCW 
K19HCW 
K19HCW 
K19HCW 
K19HCW 
K19HCW 
K19HCW 
K19HCW 
K19HCW 
K1I9HCW ‘ 12/845 


Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 


ooo 


® From 800 to 1130 hr. 6 From 800 to 1390 hr. ¢ From 500 to 1100 hr. 4 From 1000 to 1700 hr. ¢ From 1000 to 1500 hr. 
f From 500 to 1000 hr. ¢@ From 1200 to 1800 hr. h From 600 to 1200 hr. § From 800 to 1175 hr. i From 1200 to 1500 hr. 


k Broke. t From 1000 to 1300 hr. m Specimen taken from upper half of tooth, 
wr 


TABLE 12B IMPACT AND MAGNETIC PERMEABILITY DATA AFTER CREEP TEST FOR HIGH-CARBON “‘18-8"' STEEL (K19H) 


Final 
Material Temp. of Duration Load, elongation After Creep Test ; 
and heat Specimen creep test, of test, lb per in cree Izod impact Magnetic permeability 
treatment be deg F br sq in. test, % resistance, ft-lb H=50 H=100 H=150 H = 2 Remarks 
High-Carbon, Rolled 


K19HRW 108-103-—109-108 -0032 -0032 Water quenched 
86 2-115 Air quenched 
Air quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Air quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 


0. 
2. 
0. 
0. 
1. 
3.1% 
0. 
0. 
0. 
0. 
0. 
0. 
0. 
0. 


K19HRW 


Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
K19HCW ‘ .064 Water quenched 


* Broke. b Specimen taken from upper half of tooth. 
TABLE 13 SUMMARY OF CREEP TEST DATA bar 


(Stresses to produce secondary rate of elongation and total elongation of 1 per cent in 10,000 hours) 


Stress, lb persqin. Stress, lb per sq in. 
to produce cnn men! | to produce total 
Carbon content, Temp of test, rate of elongation o deformation of 
Material % Rolled or cast Heat treatment F 1% in 10,000 hr 1% in 10,000 hr 
KI9LRA Rolled Air quenched from 2000 F 
. Air quenched from 2000 F 
Water quenched 
Water quenched 
Water quenched 
Water quenched 
_ Water quenched from 2000 F 
Water quenched from 2000 F 
_ Water quenched from 2000 F _ 14,500 
Water quenched from 2000 F < 19,645 
Water quenched from 2000 F 
Water quenched from 2000 F >. J 8,500 
Water quenched from 2000 F 4 9,000 


K19HCW 


7 
~~ @ Both tests at 1100 F fractured before a total deformation of 1 per cent was attained. 
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greater creep resistance in the water-quenched 
than in the air-quenched condition. This fact 
is very clearly indicated in Figs. 32, 33, and 34, 
and in Table 13. 

At the lower loads used at the higher test tem- 
peratures smaller initial elongations resulted than 
in the tests at 1000 F, and this fact along with 
decided diminution of strain-hardening effects 
accounts for the smaller differences between the 
stress producing a rate of elongation of 1 per 
cent in 10,000 hr and that producing a total 
deformation of 1 per cent in 10,000 hr. Fig. 
35 shows the initial deformations of the cast and 
rolled materials at 1000 F and the high-carbon 
east and rolled material at 1200 F. The results 
for the low-carbon material at the low loads 
used at 1200 F were irregular; they are shown 
only in Table 11 and not in Fig. 35. 

It is of interest to note that in tests at 1000 F 
a large increase in initial elongation over that at 
17,000 Ib per sq in. resulted when bars were 
loaded at about 22,000 Ib per sq in. for the 
quenched low-carbon material, over that at 
22,000 lb per sq in. when bars were loaded at 
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deformation. 


In several of the tests on the rolled materials the 
initial deformations were higher or lower than ex- 
pected, but the secondary rates of elongation were in 
the proper order after the test period progressed a 
sufficient length of time. That is, erratic behavior 
was more common in the earlier than in the later 
stages of creep. This, combined with the fact that 
the specimens did not “settle down” to a fairly uni- 
form rate of creep short of 500 hr or more, indicates that some No creep tests were made on cast bars as air quenched. All 
of the “accelerated” methods of testing alleged to be competent cast bars tested were water quenched from 2000 F. 
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creep resistance to the low-carbon cast material. 
that the data on the low-carbon cast material are limited, but the 
curves in Fig. 32 show considerably lower stresses for comparable 
rates of creep for the low- than for the high-carbon cast material. 
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It is realized 


Due to the fact that considerably lower loads were used in 
the tests at 1000 F on the low-carbon cast material, thus causing 
the initial elongations to be smaller, comparisons with the high 
carbon cast material on the basis of total creep are difficult. 
Although the loads used for the two ma- 
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1200 F | terials do not overlap, the data in Figs. 33 
WATER QUENCHED 
1.0 ris le ais and 34 indicate superiority in regard to total 
| creep for the high-carbon cast material when 
0.8 
tested at 1000 F. 
25 ry . . 
0s Bent There seems little difference between the 
G30 R 1% IN 10,000 HOURS — 
sore low- and high-carbon cast material tested at 
i t |. 1200 F when compared on the basis of total 
1-9 10,985 L8/SQ.IN 
G20 630-7 8,320 L8/SQ IN. elongation. 
[G30'-8 — 9,500 Comparison of Results With Norton’s Pub- 
300 1000 1200 1400 1600 1800 lished Data. Comparison of the creep results 
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of this investigation may be made with the 


Fic. 26 Time-DerormMaTion Curves aT 1200 F ror Ro.Liep, WaTerR-QUENCHED, published data of Norton® for low-carbon 


DEFORMATION — PER CENT 


18-8 Stee, (KI9HRW) 


rolled 18-8. The data are plotted in Fig. 36. 


— Very close agreement is shown at 1000 and 1200 F. 

ee WATER QUENCHED Slight divergence at 1100 F is probably due to the 

fact that fewer specimens were tested at Battelle at 

3.4 ——— Se ee 1100 F than at the other two temperatures. Detailed 

BD ont data on creep of high-carbon rolled or of cast 18-8, 

, aa 1382-1 15,115. LB/SQ IN, close enough in carbon content for accurate compari- 

1.2) son, seem to be lacking. 

1.0 +—teopE FOR 1% IN 10,000 HOURS CoMPARISON OF ROLLED AND Cast MATERIAL IN 

03 Creep TEst 

0.1 983-2 12,800 LB/SQ IN. It was found by Kanter and Spring’ that, in the 

| | | | 4 | case of plain 0.20 per cent carbon steel and a 2 per 

0 200 400 600 800 1000 1200 1400 1600 cent nickel, 0.87 per cent chromium, 0.41 per cent 


TIME — HOURS 


Low-CaRBon 18-8 (K19LCW) 


Time-DeEFoRMATION Curves AT 1000 F ror Cast, WATER-QUENCHED, 


carbon steel tested at 1000 F, the creep resistance 
was greater in cast material of large grain size than 
with forged material of smaller grain size. These 


- T a aa data, coupled with a previous indication leading to a 
oe | WATER QUENCHED similar conclusion for an 18-8 alloy containing 0.15 per 
Va CARBON=O:125 cent carbon tested at 1180 F in the work of French, 
30. Kahlbaum, and Peterson,'! have sometimes been taken 
sd to imply that cast material would uniformly show su- 
Zz 
v 1 J. J. Kanter and L. W. Spring, ‘Some Long-Time 
1 Tension Tests of Steels at Elevated Temperatures,” Proc. 
| 12-2-1 | 21,840 LB/SQ IN. A.S.T.M., vol. 30, pt. 1, 1930, p. 110. 
z ’ | 1H. J. French, W. Kahlbaum, and A. A. Peterson, ‘‘Flow 
. | | s Characteristics of Special Fe-Ni-Cr Alloys and Some Steels 
T at Elevated Temperatures,’ Bureau of Standards Journal 
5 | \oea-4 20, of Research, vol. 5, no. 1, July, 1930, p. 182. 
49 noor | | | a | 
“oO 200 400 600 800 1000 1200 1400 1600 : 2 12-2-2 15,080 LB/SQ IN. 
0.3 
TIME — HOURS 2-4-3 LB/SQ IN. 
Fic. 28 Time-DerormaTion Curves aT 1000 F ror Cast, WaATER- 0.1 | | 
QUENCHED, HicH-Carson 18-8 Stee, (KI9HCW) 200 400 600 800 1000 1200 
(Jog in curve for specimen 12-2-1 due to jar from breaking of high-carbon cast bar TIME — HOURS 
in adjacent creep unit.) Fic. 29. Time-DEeFoRMATION CuRVES AT 1100 F For Cast, 
on WATER-QUENCHED, HicH-Carson, 18-8 Steet (KI9VHCW) 
] "200 F 
WATER QUENCHED os 
on {BROKE - BROKE ~ CARBON 0.125 | 1200 F | 
sore 12% IN/ 10,000 HOURS WATER QUENCHED 
| 0.4 | = 0.4}—- CARBON — 0.067 T "(p/sa ww. 
FOR 1% IN 10,000 HOURS 
\2-3-1 10,565 10/50 o2 13 $2-2 |7,000 L8/SQ 
3 2-7-4 8335 LB/SQ IN. 
[ 11,485 LB/SQ we. | | | [5000 IN. 
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8 0 200 400 a. 1000 1200 _ TIME — HOURS 
Fic. 31 Time-DerorMaTIon Curves aT 1200 F ror Cast, Water- Fic. 30 Time-DerorMaTIoNn Curves aT 1200 F ror Cast, WATER- 
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perior creep resistance to rolled material of the same analysis 
and treatment. On the other hand the work of Bailey and 
Roberts"? indicated the opposite to be the case, though the cast 
and rolled steels compared were of somewhat different compo- 
sitions. It has been pointed out!’'’ that superiority of cast 
material is usually met only when the temperature exceeds or 
at least approaches the recrystallization temperature, in this 
case upward of 1500 F, nor need ferritic and austenitic mate- 
rials show the same relations. 

Pilling and Worthington'* remark that in short-time tests on 
Fe-Cr-Ni alloys cast and rolled materials behave approximately 
the same above 1200 F. 

Tapsell'® comments that in general cast carbon steel between 
400 and 500 C (750 and 930 F) is no better and perhaps worse 
in creep than rolled annealed or air-quenched material. 

The tests on K19 steel indicate general superiority in creep 
resistance for rolled high-carbon material over the cast. Com- 
pared on the basis of rate of elongation, as shown in Fig. 32, 
the high-carbon cast material, except at low stresses at 1000 F, 
elongates at a more rapid rate than the high-carbon rolled ma- 
terial. 

The limited data available show little difference between the 
low-carbon cast and rolled material when compared on the basis 
of rate of elongation. However, when the cast and rolled ma- 
terials are compared on the basis of the total deformation in 
10,000 hr, the superiority of the rolled material is quite evi- 
dent in that the curves are at higher stresses than for the cast 
material, except for the low-carbon material tested at 1200 F. 
(See Figs. 33 and 34.) 

This superiority found on the basis of total elongation is due 
in part to lower or equal rates of creep of the rolled material as 
compared with the cast material and also to the considerably 
lower initial elongation upon application of the load in the tests. 
Fig..35 clearly shows the smaller initial elongations of the rolled 
material as compared with the cast material. This is in accord- 
ance with the room-temperature tensile and yield strengths. 
Since the cast bars deform more when the load is applied, they 
might, therefore, be considered much closer to the deformation 
beyond which fracture occurs in a relatively short time. 
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FOR Cast AND Rouiep, Low- anp HigH-CarsBon 18-8 Steet (Ki9) 


12 R. W. Bailey and A. M. Roberts, ‘Testing of Materials for 
Service in High-Temperature Steam Plant,’’ Engineering, vol. 133, 
1932, pp. 261-265, 295-298. 

13 W. Rosenhain and C. H. M. Jenkins, ‘‘Some Alloys for Use 
at High Temperatures, Ni-Cr Alloys, Part I,’’ Journal Iron and 
Steel Inst., vol. 121, 1930, p. 121. 

14N. B. Pilling and R. Worthington, “‘The Effect of Temperature 
on Some Properties of Fe-Cr-Ni Alloys,’’ A.S.T.M.-A.S.M.E. Sym- 
posium on Effect of Temperature on Metals, 1931, p. 508. 

J. Tapsell, “Creep of Metals,” 1931, p. 215. 
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Earty Fracture oF Cast SPECIMENS 


No bars of the rolled materials or of the low-carbon cast mate- 
rial fractured during the creep tests. Several of the high-carbon 
cast bars, however, broke in creep tests at 1100 and 1200 F at 
lower elongations than the high-carbon rolled bars showed with- 
out fracture. The high-carbon cast material often acted in a 
decidedly brittle manner at these temperatures. 


18-8 STEEL 
x— NORTON 005%C 


0.07%C 
BATTELLE Q067%C 


TOTAL, DEFORMATION 
1% IN|} 10000 HOUR 


° 


STRESS - 1000 LBS. PER SQ. IN. 


1200 1300 


TEMPERATURE - DEG F 


900 1000 


Fic. 36 Comparison oF CREEP Data ON Low-CARBON 18-8 STEEL 
OBTAINED BY NORTON AND BaTTELLE MEMORIAL INSTITUTE 


Fic. 37. Broken Test Bars or Cast, Cannon 18-8 Stee. (K1I9HCW) 


(The upper bar was broken at room temperature in a short-time test, and the lower bar (12-2-2, Fig. 29) broke 
Impact for lower bar (12-2-2)—93 ft-lb as heat treated, 


in 1139 hours at 1100 F loaded to 15,080 bs er sq in. 


99 ft-lb after creep test.) 


To illustrate this, Fig. 37 shows a cast bar broken in a short- 
time test at room temperature and the creep-test specimen 12-2-2 
loaded to 15,080 lb per sq in. at 1100 F which broke after 1139 
hours. At room temperature this material had 59 per cent 
elongation and short-time tensile tests at 1000 and 1200 F indi- 
cated a probable elongation at 1100 F of 35 to 40 per cent yet the 
brittle appearance of the fracture of the bar tested in creep at 
1100 F is evident. As can be seen, surface cracks and parting 
have occurred near the fracture. 

These findings make interpretation of the creep results on the 
high-carbon cast bars entirely misleading, if merely the rates of 
secondary creep are considered. The data in Fig. 32 show the 
creep rates for the high-carbon cast material tested at 1100 and 
1200 F to be only a little greater than for rolled bars, yet as 
shown in Fig. 32 and Table 12 some of the bars broke with but 
small deformation. 

These findings suggest that in cases where design is based on 
a definite extension life, lower loads should be used for high- 
carbon cast bars in order that their initial deformation plus sec- 
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ondary creep would be no greater than the lower initial deforma- 
tion and possible greater total secondary creep in the rolled bars 
at a somewhat higher load. Even then the data in the case of 
the high-carbon cast material suggest the use of a higher factor 
of safety for cast than for rolled 18-8, since in many tests the 
rolled bars deformed greater total amounts without fracture than 
did even the low-carbon cast bars. It should be recognized that 
the cast bars used had a structure of rather exaggerated coarse- 
ness and that the results of these tests are not necessarily ap- 
plicable to castings of smaller cross-section, which would freeze 
more quickly and have smaller grain size. Nor is it to be con- 
cluded necessarily that at temperatures above 1200 F and closer 
to or above the recrystallization temperature the rolled material 
would be superior. 


MAGNETIC AND MECHANICAL PROPERTIES OF THE MATERIALS 
AFTER CrEEP TEST 


Magnetic Permeability. For determining the magnetic perme- 
ability after creep test the threads and shoulders of the test speci- 
mens were removed by turning to the diameter of the reduced 
section. 

Exposure to the combination of temperature and stress in the 
creep tests caused an increase in magnetic permeability for all 
materials. The values for those bars tested are shown in Tables 
11B and 12B. The higher the test temperature, the greater 
was the increase in magnetic permeability. At 1000 and 1100 F 
the change was small and there was little difference between the 
low-carbon and high-carbon rolled bars, but at 1200 F the in- 
crease was considerable, and 
the high-carbon rolled bars 
showed the greater increase. 

For the cast bars greater 
increases in magnetic permea- 
bility were noted for the bars 
tested at 1200 F than for the 
bars tested at 1000 F, but no 
definite difference was noted 
between the low- and high-car- 
bon east bars. 

There does not seem to be 
any direct relation between the 
magnetic permeability and the 
time at temperature, the stress 
applied, or the resulting elon- 
gation. 

Impact. For purposes of 
comparison, the Izod notched 
impact resistance of the materials in the heat-treated condition 
was obtained. The test specimen used had the diameter and — 
notch of the standard round Izod specimen.’ The end gripped _ 
in the anvil of the impact machine had to be shorter than stand- 
ard, but comparative tests gave the same results on 18-8 speci- | 
mens with the long and short grips. All Izod tests herein re- — 
ported, whether on material after creep or not, were made on — 
short-grip specimens, so that all are exactly comparable. This — 
specimen was chosen instead of the Charpy specimen used on 
the work on KQ, since it was the only standard specimen that 
could be obtained from the reduced section of the creep-test 
specimen after test and thus provide material for determining - 
in duplicate the degree of embrittlement or loss of ductility in 
impact as affected by the time at temperature, stress, and elon- 
gation in the creep test. 

Tables 11B and 12B show the values for impact resistance as 
heat treated. Both the low-carbon and high-carbon rolled ma- — 
terials show high impact values of 105 and 107 ft-lb, respectively a 

National Metals Handbook, A.S.S. T. 1933, p. 447. 
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TABLE 14 SUMMARY OF THE IMPACT TEST DATA SHOWING COMPARISON WITH EARLIER TESTS ON K9c AND K9d STEELS 


RP-56-6 


Charpy Impact Resistance, Ft-Lb 


Carbon 
content, 
Material % 
K9ec 0.06 
K9d 
K9c 
K9d 


Rolled 
or 
cast 
Rolled 
Rolled 
Rolled 
Rolled 


Heat treatment 


Water quenched from 2100 F 
Water quenched from 2100 F 
Air quenched from 1950 F 
Air quenched from 1950 F 


1000 hr at 
1200 F, 
no stress 


61 
56 


1000 hr at 1000 hr at 
1000 F, 1100 F, 


no stress 


79 
83 


1000 hr at 
1400 F, 


no stress® 


K19LRW 
KI9HRW 


Rolled 
Rolled 


Water quenched from 2000 F 
Water quenched from 2000 F 


K19LRA 


KI9HRA 
K19LCW 
K1I9HCW 


Rolled 
Rolled 
Cast 


Air quenched from 2000 F 
Air quenched from 2000 F 
Water quenched from 2000 F 
Cast 


@ Values by interpolation. 
+6 Tests on unbroken end of tars that broke in the creep tests. 


while the cast materials show values of 92 and 93 ft-lb. 

After creep test the two round Izod impact-test specimens 
were machined from the reduced section of each creep-test speci- 
men. After taking a disk 0.3 in. thick from the center of the 
reduced section to provide material for metallographic examina- 
tion, the impact specimens were taken so that the notches were 
located in the gage length at a distance of about !/, in. from the 
end of the reduced section. It was very surprising, in view of 
the results on K9, to find upon making the impact tests on these 
materials after creep test that in most cases very little change 
in impact resistance had occurred, and many engineers would 
consider that even in the worst cases no really serious lack of 
toughness was shown.'? For comparison some of the impact 
data on these K19 steels and on the K9 steels previously studied 
by the Committee* are collected in Table 14, where the change 
in impact values within the series of Charpy tests on K9 steel 
and the absence of change in impact values within the series of 
Izod tests on K19 steel is clearly shown.'8 

It can be definitely stated that neither the rolled nor the cast 
low-carbon water-quenched K19L showed the slightest sign of 
room-temperature impact embrittlement after the creep test, 
all values being within experimental error of the initial values. 
The rolled high-carbon K19H, water-quenched, drops in indivi- 
dual bars from an initial 107 ft-lb to 63 or 64 after 1000 hr at 
1100 F or 1078 hr at 1200 F, but longer time (1529 hours) 
at 1100 F brings it up to 86 ft-lb, 1500 to 1800 hr at 1200 F 
increases it to 85 to 96 ft-lb, and after 665 hr at 1400 F, the 
value is 93. It cannot be certainly stated whether the material 
definitely passes through a minimum range of impact values and 
then improves with longer times and higher temperatures, or 
whether the loss in impact varies in individual bars. However, 
it is very plain that the K19HR does not act like the K9 ma- 
terials in showing a consistent drop in impact in both water and 
air-quenched conditions, for in the few tests made on air-quenched 
K19HR it showed no drop of impact at all after creep. Since 
K19HC, the high-carbon cast material, showed the notably brittle 

1 Bain, Rutherford, and Aborn (The Book of Stainless Steels. 
p. 346) point out that a 50 per cent drop ‘‘still leaves the metal in a 
highly ductile condition.’”” Newell (p. 357) also points out that a 
50 per cent drop leaves toughness ‘‘which is still ample to withstand 
any shock likely to be met.” 

18 Duff (The Book of Stainless Steels, p. 487) states that low- 


carbon 18-8 drops from an initial 75 ft-lb (Charpy) to 45 ft lb after 
™— hr above 1000 F after which it is constant. 


93-94 


Izod Impact Resistance, Ft-L 
(Hr under (Hr under (Hr under 


(770-1200) 


78 53 
treated 1 1100 1200 F 
(1120-1760) (1000-1500) "Gore 
1820) 


b 
d H (Hr under : 
000 100 F 1400F 
101-107 (1060-1550) 70-120 
(6885) 
74-117 64-86 * 
109-119 
110- 
(1130-1600) : 
93-97 coe 2-106 
85-101 99-103 58-97 
(270-650-800) 


74 56 

As heat stress), stress), stress), 
107-117 9-1 
103-109 
(1500) 
(842) 
91-95 
(440-1500) (475-1140) 


behavior of breaking with only slight elongation in creep test, 
it would be expected that impact bars cut from the unbroken 
end of a bar that had fractured would show impact embrittle- 
ment. To the contrary, the impact bars from the unbroken 
ends of K19HC that broke in creep at 1100 F gave slightly 
higher impact values than the original 93 ft-lb on the material be- 
fore creep. After creep at 1200 F the other ends of fractured 
bars, which may have been damaged by incipient cracks of the 
type that caused the tensile fracture in creep rather than having 
true impact embrittlement, ran from 47 to 88 ft-lb, while ends 
of bars that did not fracture ran from 58 to 97, the latter value 
being higher than the original. It is, therefore, possible for even 
this apparently tension-brittle high-carbon cast material to 
emerge from 865 hr at 1200 F under creep without being con- 
sistently impact-brittle. 

With the thought that the highest test temperature of 1200 F 
might not be high enough to embrittle seriously these two par- 
ticular heats, a creep test was run 665 hr at 1400 F on a high- 
carbon rolled specimen for the special purpose of detecting em- 
brittlement. A value of 93 ft-lb was obtained after the creep 
test, a reduction of 14 ft-lb from the original value as heat treated 
but still very tough and comparable to specimens tested after 
creep at 1000 and 1200 F. 

These data are in sharp contrast to the general idea that the 
range from 1100 to 1400 F is one of marked deterioration for all 
unstabilized 18-8 of carbon content over the solubility limit. 

There were two differences between the tests on K9 and K19 
steels besides differences in melting practise. In the tests re- 
ported‘ the K9 steel was heated 1000 hr without stress. The 
K19 steel in the creep tests herein reported was heated under 
various stresses for periods mostly between 750 and 1750 hr 
(also 665 hr at 1400 F). It has been reported by Crocker!* 
and Newell® that 18-8 steel, even without stabilizing additions 
like titanium, molybdenum, and tungsten, may emerge from long 
periods of active service without embrittlement. 

Payson” reports an 18-8 alloy with 0.08 per cent carbon, 0.8 
per cent tungsten as perfectly resistant, yet others using the same 
composition do not find it resistant, which is another instance 


19 Sabin Crocker.’ Discussion. A.S.T.M.-A.S.M.E. Symposium on 
Effect of Temperature on the Properties of Metals, 1931, p. 63. 

2 P. Payson, ‘Prevention of Intergranular Corrosion in Corro- 
sion-Resistant Chromium Nickel Steels,’’ Trans. A.I.M.E. (Iron 


and Steel Division), vol. 100, 1932, p. 306; discussion, p. 332. 
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Fie. 38 B21’-3: Low-Carson K19, 


WATER QUENCHED From 2000 F anp 
at 1000 F, 1293 Hr art 21,815 LB per Sq IN. 


, (Magnification of etched specimens in Figs. 38, 39, and 40—500X. 
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where a given lot of material is resistant while it seems that it 
should not be. 

There is indication that stress hastens the progress of the alloy 
toward equilibrium, so that the changes that are taking place 
are accelerated. This tendency has been noted by Krivobok?! 
and Tucker and Sinclair?? and has been appraised as probable 
by Bain, Aborn, and Rutherford.?* 

The acceleration of the changes, especially carbide precipita- 
tion, by stress might be expected to produce more instead of less 
embrittlement. But Bain, Aborn, and Rutherford show that a 
_ restoration period follows the period of susceptibility to inter- 
_ granular embrittlement as determined in the Strauss corrosion 
test, and their Fig. 3 shows for an 0.08 per cent carbon 18-8 steel 
at 1200 F without load-increasing susceptibility up to about 
100 hr but a recovery thereafter, so that at 1670 hr the original 
zero susceptibility of the quenched material was restored. 

_ The period of 1670 hr is in the region of the times to which 
the K19 steels were subjected to stress at 1200 F; hence it is pos- 
— that the K19 creep specimens may have passed through a 


period of susceptibility and then recovered. 

However, it is not certain that susceptibility to intergranular 
corrosion implies embrittlement as shown by impact tests, or 
vice versa. Tindula** and Krivobok*! do not find susceptibility 
to intergranular corrosion and impact embrittlement necessarily 
to go hand in hand. Bain, Aborn, and Rutherford*® say specifi- 
cally, “The loss of ductility and intergranular sensitization both 
accompany carbide precipitation but have otherwise no funda- 
mental inter-relation.” 


21 V. Krivobok, unpublished report presented at the 1932 Metal- 
lurgical Advisory Board Meeting, Carnegie Institute of Technology. 

22 W. A. Tucker and S. E. Sinclair, ‘‘Creep and Structural Sta- 
bility of Nickel-Chromium-Iron Alloys at 1600 F (870 C),”’ Bureau 
of Standards Journal of Research, vol. 10, 1933, p. 851, Research 
Paper No. 572. 

23 E. C. Bain, R. H. Aborn, and J. J. B. Rutherford, ‘‘Prevention 
of Intergranular Corrosion in Austenitic Stainless Steels,’ A.S.S.T., 
vol. 21, 1933, p. 481. 

24 Roy W. Tindula, ‘‘The Impact Properties of Austenitic Cr-Ni 
Steels,” Thesis No. 22452, College of Engineering, Carnegie Institute 
of Technology. 

*% The Book of Stainless ne A.S.S.T., 1933, p. 346. 


Fie. 39 48: Rowen, 
WaTER QUENCHED 2000 F anp Testep 
aT 1200 F, 1346 Hr at 10,600 LB PER Sq IN. 


Fie. 40 1382-2: Cast, Low Carson K19, 
WATER QUENCHED F Rom 2000 F TEstTep 
at 1200 F, 1300 Hr at 7000 LB PER Sq IN. 


Low-CarBon K19, 


Etchant—two parts HCl, one part HNOs, and one part acetic acid in three parts of glycerin.) 


It was proposed in the test program herein reported to make 
corrosion tests on pieces taken from the reduced section of the 
creep-test specimens after test. With the uncertainty regarding — 
relation between corrosion and impact resistance, it was decided 
first to run a few tests on samples taken from bars of steels K9c 
and K9d, whose impact resistance had been previously reported. 
Six samples were selected for the test. Three samples were of 
steel K9c (0.06 per cent C) and three of steel K9d (0.085 per 
cent C). All three of each steel were water quenched, one being — 
tested as quenched and the other two after 1000 hr at 1200 
and 1400 F subsequent to quenching. 

They were boiled for six hr in a solution containing 10 per cent 
by weight of c.p. sulphuric acid (anhydrous) and 10 per 
cent by weight of copper sulphate (anhydrous). After boiling 
for six hr the specimens were removed and washed and weighed 
to determine loss in weight. 

The results obtained in one six-hour run and shown in Table 
15, indicate that the samples tested as quenched had been at- 
tacked very little. It is shown that specimens Nos. 10 and 28 
after the 1000-hr draw at 1200 F, as expected, had lost con- 
siderable weight in the six-hr corrosion test, the greatest loss 
occurring in the high-carbon specimen. But specimens Nos. _ 
11 and 29 after the 1000-hr draw at 1400 F, which treatment 
produced the lowest impact resistance, were attacked very little 
and are comparable to specimens Nos. 7 and 25 tested as 
quenched. 

These data, therefore, suggest the possibility that the pro- 
posed H,SO,-CuSO, corrosion tests may not indicate relative 
embrittlement of this 18-8 steel with regard to the resistance of 
the material to impact, and suggest that the specimens taken 
from the creep-test specimens after prolonged creep tests be re- 
served until more is known of the value of these proposed cor- 
rosion tests. 

Schmidt and Jungwirth** record impact tests on a 19 per cent 
Cr, 7.8 per cent Ni alloy containing only 0.02 per cent carbon, a 
composition free from susceptibility to corrosion according to 


26M. Schmidt and O. Jungwirth, ‘‘Warmsprédigkeit Austenitis- 
cher Stahle,’’ Archiv fir das Eisenhiittenwesen, June, 1933, p. 559 
to 562. 
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others, which showed a loss of some 
50 per cent of the impact strength of 
the quenched material after heating 
400 hr at 1560 F. They also show 
a drop in tensile strength of 10 per 
cent after heating two hr at 1100 F 
and an increase of 20 per cent after 
five hr at 1300 F, and conclude that 
either a very small amount of carbon 
above the accepted solubility limit 
may induce marked precipitation- 
hardening effects or else that some 
other constituent, as an oxide, also 
exerts precipitation-hardening 
effects. 

If it be assumed that embrittle- 
ment and recovery may occur on 
heating under load in some such 
manner as do susceptibility and re- 
covery from it, and that the K19 
creep specimens when subjected to 
the impact test had recovered but, 
that had they been tested for impact 
at an earlier stage in the creep tests 
they would have been found brittle, 
it is worthy of note that the creep 
curves do not show any changes of 
direction to indicate at what times 
embrittlement or recovery take place. 

E. C. Smith?’ stated that induc- 
tion-furnace material of the same 
analysis as are-furnace material (18 
Cr, 8 Ni) may show very much slower 
embrittlement. Although the chemi- 
cal compositions as shown by ordinary 
analyses may be exactly the same, in- 
duction and are-furnace alloys act 
differently under working and _ re- 
crystallization temperatures by a 
large margin, and all through the 
plant are handled as different ma- 
terials. 

Without tests at much earlier 
stages (shorter times) in creep, it 
cannot be said whether K19 em- 
brittled at first and recovered by the 
time the creep bars were removed or 
whether this induction-furnace ma- 
terial had not yet begun to be em- 
brittled. 

Some members of the committee 
have remarked that much of the 
work on susceptibility to corrosion 
embrittlement has been done on thin stock, sheet, and strip, and 
that perhaps there is a surface action which would make these 


7 E. C. Smith, Republic Steel Corporation, private communica- 
tion. 


Fia. 41 
AIR QUENCHED 
1200 F, 


; 


Fig. 43. G27 


(Magnification of etched 
part 


TABLE 15 CORROSION TEST 

Original 

weight, 

.1241 
. 1993 
. 1839 


Surface 
area 
sq in. 
0.7380 
0.7424 
0.7434 
0.7421 


Specimen 
number 

(7) 
K9ec (10) 
K9e (11) 
(25) 


Heat 
treatment® 


we and D (1200 F) 
WQ and D (1400 F) 


WQ 
WQ and D (1200 F) 0.7411 6.1969 
WQ and D (1400 F) 0.7416 6.1984 


_ ® WQ indicates water quench; D indicates draw for 1000 hours. — 


K9e (29) 


G35'-1: HigH-Carson K19, 
From 2000 F anp TESTED aT 
1078 Hr at 6065 LB per Sq IN. 


a 
¥ 
2 
’ 
i 
4 


: Hieu-Carson K19, 
WaTER QuENCHED From 2000 F anp Testep 
aT 1100 F, 1024 Hr at 19,570 LB per Sq IN. 


Fie. 42 7-1: K19, 
WATER Pe ENCHED From 2000 F anp TEsTED 
aT 1000 F, 1342 Hr at 28,570 LB per Sq IN. 


' 


Fie. 44 12-3-1: Cast, Hien-Carson K19, 


WaTER QUENCHED From 2000 F anp TEsTEeD 
aT 1200 F, 796 Hr at 10,565 Ls per Sq IN. 


eens in Figs. 41, 42, 43, and 44—-500X. Etchant—two parts HCl, one 


NOs, and one part acetic acid in three parts glycerin.) 

specimens embrittle faster than more massive specimens, or that 
the worst material was lost in machining the notch. Though 
this argument would hardly apply to the °/s-in.-square specimens 
of K9 in the previous committee investigation, plans were made 
to roll the K19 materials into thin stock and 
study its susceptibility in cooperating labora- 
tories. This work has not yet progressed far 
enough to y-eld any information. 


Loss in Impact 
weight, resistance 


METALLOGRAPHIC EXAMINATION AFTER CREEP 
AND Fatigue TEsTs 
Disks 0.3 in. thick were cut from the center of 
the gage length of the creep test specimens after 
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ry . 
test. The first specimens were examined on a transverse sec- 
tion, but later specimens were examined on a longitudinal sec- 
tion. 

Figs. 4, 5, 6, and 7 have shown the structures of the low- and 
high-carbon rolled and the high-carbon cast materials as heat 
treated by water quenching from 2000 F. 

Figs. 38, 39, and 40 show photomicrographs of some of the wa- 
ter quenched low-carbon cast and rolled specimens after creep 
test. Fig. 38 shows specimen B21’-3 tested at 1000 F for 1293 
hr, while Fig. 39 shows specimen 48 tested at 1200 F for 
1346 hr. Both show precipitation of carbides in the grain 
boundaries, with the greater amount in the specimen tested at 
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Fie. 45 G30’-8: Higo-Carson 18-8 (K19), TesTep aT 
1200 F, 1518 Hr at 9500 LB per Sq IN. 
(Magnification—1000 X; Murakami etch; photomicrograph by Payson.) 


1200 F. There are indications that some precipitation has oc- 
curred within the grains in specimen 48 tested at 1200 F. Fig. 
40 shows cast specimen 13S2-2 tested at 1200 F for 1300 hr. 
The grain size in the cast material is very large, as was shown 
in the macrographs in Figs. 2 and 3; so in Fig. 40 it was only 
possible to show the junction of several grains. It may be seen 
that there is considerable carbide precipitation in the grain 
boundaries of this cast specimen. 

Figs. 41, 42, 43, and 44 show photomicrographs of some of 
both air-quenched and water-quenched high-carbon cast and 
rolled specimens after creep test. Fig. 41 shows specimen 
G35’-1 (air quenched) tested at 1200 F for 1078 hr. Heavy 
carbide precipitation has taken place in the grain boundaries 
and also very noticeable precipitation along twin lines within 
the grains. Figs. 42 and 43 show specimens G27-1 and G27-1’ 
after test at 1000 F for 1342 hr and at 1100 F, for 1024 hr, 
respectively. Both show carbide precipitation, with the greater 
amount in specimen G27-1’ tested at 1100 F. Fig. 44 shows 
specimen 12-3-1 (cast) tested at 1200 F for 796 hr. As in the 
case of the low-carbon cast specimen 1352-2, a representative 
section shows the junction of several grains and considerable 
carbide precipitation in the grain boundaries. 

There appears to be little if any difference in the amount of 
precipitation between the low- and the high-carbon material, 
whether as cast or rolled. A greater amount of precipitation 
appeared to take place in those specimens tested at the higher 
test temperatures of 1100 and 1200 F than in those tested at 1000 F. 

In order to examine the hypothesis that stress may accelerate 
carbide precipitation, through the courtesy of C. L. Kinney, 
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John A. Mathews, and C. E. MacQuigg, selected specimens of 
the 1200 F series of fatigue bars were examined by Mr. Han of 
the Illinois Steel Company, and selected specimens from the 
creep tests were examined by Mr. Han, Mr. Payson of the Cru- 
cible Steel Company, and Mr. Vilella of the Union Carbide and 
Carbon Research Laboratories. 

Messrs. Han, Payson, and Vilella were asked to note any dif- 
ference in the amount or nature of the carbide separation from 
that which, from their experience in the examination of the 
materials of the compositions in question, they would expect to 
find after heating without load for the times and temperatures 
to which the K19 specimens had been subjected. Mr. Han was 
asked to note especially any difference between the periphery 
and the center of the fatigue bars, since the periphery of the 
reversed bending fatigue bar is subjected to the maximum stress, 
whereas the stress decreases to zero at the center of the bar. 

The conclusions previously stated were verified by the findings 
of Mr. Payson of the Crucible Steel Company, who examined 
some of the creep-test specimens after test. Figs. 45 and 46 
show photomicrographs made by Mr. Payson which indicate 
that the precipitation in the high-carbon cast and rolled speci- 
mens was of a similar nature to that previously noted. Mr. 
Payson stated that he was unable to detect any influence on the 


Fie. 46 G30’-8: HicgH-Carson 18-8 (K19), TesTep aT 
1200 F, 1518 Hr at 9500 Ls per Sq IN. 


(Outer edge of sample showing strain lines. Magnification——200 X 
—650 per cent HCl in alcohol; photomicrograph by Payson.) 


Etchant 


manner or amount of precipitation due to the stressing of the 
creep-test specimens during the long test period at the high tem- 
peratures. 

Mr. Vilella of the Union Carbide and Carbon Research Labo- 
ratories also examined some of the creep-test specimens. He 
found greater precipitation in the specimens tested at the higher 
temperature of 1200 F, irrespective of their carbon content, 
duration of test period, or load applied. He found no evidence 
of acceleration of precipitation due to stress. Specimens tested 
at 1200 F showed considerable intragranular precipitation, while 
in specimens tested at 1000 F no intragranular precipitation was 
detected. 

Mr. Han of the Illinois Steel Company, after his examination 
of the fatigue specimens, concluded as follows: 


(1) Carbide precipitation in the K19 steels under this in- 
ae vestigation is the same as that found in the average 
commercial stock of the same chemical composition. 
OF 
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(2) Time and carbon content are directly controlling factors — : working, in terms of maximum repeated stress, causes 
of the amount of carbide precipitation, and time is the = ==~—s uniform precipitation of very fine carbide particles 
more important factor of the two. along the slip bands, while in the absence of stress the 

(3) Under zero stress most carbides segregate in the grain- _ natural tendency is for the carbides to segregate to the 

grain-boundary regions in relatively larger particle 
are concentrated mostly in the original location of fer- size. This difference is smaller in lower-carbon and 


boundary regions in the wrought material, while they — 


rite areas in the castings. shorter-duration samples than in the higher-carbon 
(4) For wrought steel there is no measurable difference in ys and longer-duration ones. Slower rate of stress al- 
the amount of carbide precipitation between maximum ternation seems to induce greater difference in distri- 
repeated-stressed and zero-stressed zones in fatigue 7 bution between the stressed and unstressed regions. 
specimens tested at 1200 F. There is a definite differ- (5) Not much slip is developed in the limited number of 
ence in the distribution in the two extreme areas. Cold- cast samples examined. 
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By M. F. 


To aid in rational spring design and in other problems of 
design where resilience or deflection are important mat- 
ters, a general picture may be advisedly drawn of various 
phases of elastic behavior in metals, which deviates widely 
from the simple explanation given by Hooke’s law. For 
rough computation these deviations need not be con- 
sidered, but where loads are high enough so that an 
accurate knowledge either of stresses or of deflections is 
required, or where an accurate theoretical knowledge is 
desired, they cannot be ignored. The statement given 
below, which in places is necessarily more or less theoreti- 
cal, summarizes this picture. It emphasizes particularly 
those various factors which have been brought out in the 
work carried on at Union College for the past few years 
under the auspices of the A.S.M.E. Special Research Com- 
mittee on Mechanical Springs.” Accompanying tables 
give numerical values of these various effects for a range of 
different metals. 


INCE it was first enunciated by Robert Hooke in 1678, 
S Hooke’s law has served as a basic principle underlying 

mechanical design. Everything considered, this law is 
surprisingly well obeyed by our principal materials of construc- 
tion. In cases, however, where high precision is needed or 
where very high stresses are used, as in many cases in spring 
design, the deviations from this rule become of importance. 
Backed by the A.S.M.E. Special Research Committee on Me- 
chanical Springs, studies of these deviations and of other items, 
have been carried on for several years at Union College. The 
details of this investigation, particularly in regard to behavior 
in tension, compression, and bending, have been reported in 
several papers presented in the past. 

The present paper is intended as a final report. Details of 
the studies of torsional behavior are included in the appendix 
while the body of the paper summarizes the results of the in- 
vestigation and correlates them with information obtained 
elsewhere. 


‘ Associate Professor of Applied Mechanics, Union College. Mem. 
A.S.M.E. Professor Sayre was graduated from Columbia Univer- 
sity with the degrees of E.M. and A.M. Seven years of engineering 
experience were followed by twenty years at Union College, the 
latter portion diversified by research and consulting work carried 
on for the General Electric Company and for other concerns. 

2 “Elastic and Inelastic Behavior in Spring Materials,’’ by M. F. 
Sayre, A.S.M.E. Trans., vol. 52, 1930, paper no. APM-52-9. 

“Elastic Behavior of Spring Materials,” by M. F. Sayre, Proc. 
A.S.T.M., vol. 30, part II, p. 546. 

“Elastic and Inelastic Behavior in Spring Materials (Continued),”’ 
by M. F. Sayre, A.S.M.E. Trans., vol. 53, 1931, paper, no. APM- 
53-8. 

“Elastic After-Effect in Metals,’’ by M. F. Sayre, Journal of Rhe- 
ology, vol. 3, 1932, p. 206. 

“Thermal Effects in Elastic and Plastic Deformation,” 
Sayre, Proc. A.S.T.M., vol. 32, part III, p. 584. 

Contributed by the AS S.M. E. Special Research Committee on 
Mechanical Springs and presented at the Annual Meeting, New York, 
N. Y., December 4 to 8, 1933, of Tae AMERICAN Society or MeE- 
CHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those of 
the Society. 


by M. F. 
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HyprRostTaTic PRESSURES 


Under pressure acting from all directions simultaneously, 
or so-called hydrostatic compression, a body loses in volume 
at a decreasing rate with increasing pressure. It has been 
shown by Bridgman and others that the volume modulus of 
elasticity, K, may as a first approximation be expressed in 
the general form K = Ky = C,S. Values of K also are affected 
by temperature, the stiffness decreasing with increasing tem- 
perature. As with a gas, the sudden or adiabatic application of 
pressure results in a slight increase of temperature, decreases in 
temperature being caused by sudden reductions of pressure, or 
by their equivalent, the application of hydrostatic tension. 
These changes in temperature naturally cause corresponding 


TABLE 1 THERMAL CREEP IN TENSION 
' (Approximate value of coefficients for various materials) - 
Thermal 
Coeffi- Modulus Coeffi- 
cient of of elas- cient of 
linear ex- ticity, Z, modulus a 
pansion, lb persq of elas- 
Density, Specific a xX in., X_ ticity, m, ki, X 
Material p heat,s 10-6 10-* x 10-4 ke 
Magnesium 1.74 0.24 25.8 6.25 9.4 29.80 0.00480 
Aluminum 2.70 0.21 23.1 10 5.3 19.64 0.00454 
teel 7.88 0.102 11.7 30 3.27 7.02 0.00246 
Nickel 8.9 0.102 13.2 30 2.6 7.02 0.00278 
Copper 8.93 0.091 16.8 17.8 3.59 10.00 0.00299 
Tungsten 19.3 0.034 4.44 55 0.87 3.27 0. 
Platinum 21.37 0.030 8.99 23.5 0.73 6.77 0.00143 
Change in temperature under elastic tensile strain = k,S. 
Adiabatic value of E = (1 + k:) X isothermal value. 
Thermal creep = ke x ‘adiabatic elastic elongation, approximately. (For 
uations, see ‘Thermal Effects in Elastic ‘Plas tic Deformation,”’ 
by M. F. Sayre, Proc. A.S.T.M., vol. 32, part II, p. 


Note 1: Values of a and mare given per deg Cc. Different experimenters, 
working with different lots of material supposedly of the same general com- 
position, have obtained widely varying values of m. Great reliability is 
therefore not claimed for values of m in Tables 1, 2, and 3. 

Ca 2 

Note 2: kh = ca” kn = a where J = 4.185 X 10’, and C = 

conversion factor from dynes per sq cm to lb per sq in. = 6.894 X 104. 


secondary changes in volume and so affect the apparent change 
in size under loading. The adiabatic volume modulus of elas- 
ticity is, therefore, slightly larger than the isothermal modulus. 


SHEARING STRESSES 


(1) No change, or almost no change, of volume occurs under 
shearing stresses, and the adiabatic and isothermal moduli are 
essentially the same. 

(2) Very precise studies carried on by John Chatillon and 
Sons, which will presently be reported in detail, indicate that the 
modulus of elasticity in torsion does not vary consistently with 
increasing stress in torsion. 

(3) The torsional or shearing modulus varies with tempera- 
ture, stiffness decreasing with increasing temperature. 

(4) Overloadings beyond the elastic limit in torsion, whether 
on straight wire or on coiled springs, materially decrease the 
modulus of elasticity under future moderate loads. 

(5) In very precise torsional-pendulum measurements at 
Union College, for small amplitudes of oscillation corresponding 
to torsional stresses below 1000 to 1500 lb per sq in. erratic varia- 
tions in stiffness of from 1 to 10 per cent were found. For larger 
amplitudes consistent results were obtained. Further investiga- 
tion of the causes for these erratic variations is needed. (For 
details of these tests, see the Appendix to this paper.) 


Al 


rT, 


Laws of Elastic Behavior in Metals 
Summary | 
| 
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an (6) By varying the weight of the bob of the torsional pendu- (1) Young’s modulus of elasticity, Z, varies with stress as 
lum, the torsional modulus, G, was determined for the same tor- given by the equation: 
sional ranges but in wire under a wide range of tensile stress, E 
from small values up to almost the elastic limit of the wire. 
As the tension increased, values of G decreased as figured on the 
basis of the original unloaded dimensions of the wire. Most 
of this variation disappeared when G was refigured on the basis of 
the actual length and diameter of wire under load. 


= Ky + 


+ being used for compression, and — for tension. 

(2) E varies with temperature, decreasing with increasing _ 
temperature. 

(3) The adiabatic value of Z is greater than the isothermal 
value, but this difference is a smaller percentage than under 
hydrostatic compression since smaller changes in volume occur. 

(4) In work done by D. K. Froman at the Ryerson Physical 
Laboratory in Chicago, variations in values of E under very 
small tensile loads were found. His results harmonize with the 
erratic values of G found for low torsional stresses in the Union 
College investigation. No explanation of these peculiar varia-_ 
tions has as yet been given and further work is needed. 7 

(5) As noted in earlier reports, over-stress beyond the elastic © 


Direct TENSILE OR COMPRESSIVE STRESSES 


From a theoretical point of view, uni-directional tension is a 
composite of hydrostatic tension and of shearing stresses, and be- 
havior under tension represents a composite of the behaviors 


TABLE 2 HYDROSTATIC COMPRESSION OR TENSION? 


Tempera- 
ture coef. 
kh, X 


Material 


Aluminum, hard drawn 
and annealed 
Cast 
Copper, 
drawn r 
Same, annealed 
Pure ‘‘best select”’ 
Iron Armco, annealed 
Nickel 99%, drawn and 
annealed 
Forged, drawn and an- 


commercial 


Modulus K, 30 C 


10,320,000—3.9 S 
10,250,000—5.5 S 


18,810,000—10.1S 
18,890,000—10.2 8S 
19,140,000—10.1S 
23,470,000—12.08 


26,240,000—15.08S 


of mod., 
per deg C 1078 


0.00095 
0.00055 


58.9 
30.0 
21.0 
21.0 


26,050,000—14.7 S 


* Computed on the basis of data by Prof. P. W. Bridgman, Proc. Am. 
Acad. Arts and Sciences, vol. 58, p. 166; vol. 59, p. 109, 1923. 
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TABLE 3 SHEARING MODULUS 


at 


Shearing opus G Temp. Coef. of Shearing 
0c modulus (Col. 2), 
108 lb sq in. ™m 
(3) (4) 
0.00058 0.00062 
0.00057 0.00062 
0.00036 0.00038 
.00040 0.00042 
. 00046 


Aluminum 
Duralumin 

17 SRT alloy 
Monel annealed, 

Hard drawn 
Brass, 

As drawn 

Relief annealed 
Phosphor bronze 
Nickel 
Coin silver 
Nickel silver, as receiv ed 

Tempered at 475 C 

Tempered at 650 C 
Drill rod steel 
Oil tempered steel 
0.67% C steel, heat 

treated, 

0.080 in. diam. 

0.046 in. diam. 

0.0281 in. diam. 
Hard drawn steel wire 4 — 
Music wire 11. 11.4 
Chrome vanadium steel - 11.4 to 12.6 
Chrome molybdenum steel 
Stainless steel 12.3 to 12.6 


18% Cr 8% Ni steel wire 


Column 

1 Obtained in Union College investigation. For detailed description 
of materials see previous reports in A.S.M.E. Transactions. 

2 See Report No. 358, Nat. Adv. Comm. for Aeronautics. ‘Temperature 
of the Modul Rigidity of Aircraft Instrument Diaphragm 
ong 5 ring a W. G. Brombacher and E. R. Melton. 

Modul us as es A original size. 
: Modulus corrected to refer to actual size after temperature change. 
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as already described. The relation between the three moduli for 
a homogeneous? isotropic material is given by the equation: 
3 This equation, as well as the various equations connecting 
Poisson’s ratio with E, G, and K, must be used with some care when 
dealing with metals, particularly when cold rolled or drawn. Due to 
the presence of preferred orientation of crystals, the material may 
not, properly speaking, be homogeneous or isotropic. Much more 
complex equations may beneeded. = 


limit in tension usually but not always results in decreased values — 
of E under future moderate stresses. 
BENDING STRESSES 


Bending stresses represent a composite of tensile and com- 
pressive stresses, usually with shear added. 

(1) In bending, the increase in E with stress on the compres- 
sion side of the beam counterbalances the corresponding de-— 
crease in # on the tension side, so that the over-all stiffness of the 
beam is virtually unaffected and may be computed on the basis 


TABLE 4 MODULUS OF ELASTICITY IN TENSION? 


Corrected to 20 C (68 F) 

Specimen Materiald Diam., in. Modulus 

Measurements Made Using Deadweight Loading, 52 Ft Gage Length 
0.67%C heat-treated steel wire 30,010,000—6.6 S 
0.67 ZC heat-treated steel wire 30,170,000—6.5 S 
Har “drawn spring wire 28,800,000—6.8 S 
Music wire 29,920,000—4.8 S 
Music wire 29,770,000—4.5 S 

Spring temper brass wire, as 

14,300,000—4.6 S 


rawn 
Relief annealed> 
Relief annealed> 
Phosphor bronze wire 
Nickel wire° 


Redrawn to° 
Hard copper wire 


1 

About’ 33,400, 000 
About 32,300,000 
19,120,000—6.0 S 
17SRT aluminum alloy wire 10,290,000—10.9 S 
17SRT aluminum alloy wire 10,280, 000—6.2 S 


Measurements Made Using Amsler Machine 
0.68%C heat-treated steel wire '/s X '/:in. 29,750,000—7.7 S 
0.68%C heat-treated steel wire '/s X !/:in. 30,150,000—6.8 S 
0.68%C heat-treated steel wire '/s X '/2in. 29,540,000—8.3 S 


338} 31/2% Nickel Steel in. 29,190,000—4.3 
476 31/:% Nickel Steel in, 28,950,000—10.9 S 


306 tempered 
sX 14,700,000—10.8 S 
1 Ciel steel iam., 0.327 in. 29,040,000—5.0 S 
Heat-treated silicon steel Diam., 0.328 in. 29,120,000—6.7 S 


® Union College investigation. 

6 The spring temper brass wire, relief annealed, was exceptional in that 
both samples gave stress-modulus of elasticity relationships which called 
for an equation involving S?. 

¢ The results with the nickel wires were affected by the pes ‘curl”’ in 
the wire, and are given as approximate values, for information only. 

@ For detailed description of materials, see previous reports in the yo 
A.S.M.E. Transactions. 


Diam., 


Diam., 
phosphor 


TABLE 5 MODULI OF ELASTICITY 
Material 10 
0.67% C heat-treated steel wire 30.01 
0.67% C heat-treated steel wire 


Hard drawn spring wire 
Music wire 


Brass wire, as drawn 
Relief annealed 

Phosphor bronze 

Nickel 

17SRT aluminum alloy 


Norse: The last column gives the values of p = Poisson's ratio as com-— 
puted from the values of E and G given in previous columns. See text for , 
discussion of validity of these values. a OO 


ks 
0.0095 
0.0002 
0.0004 
0.0002 0.0058 
(00001 0.007: 
| 
0.00045 0.00048 15,300,000—5.0 S—__ 
ens 0.00052 0.00056 494 
0.00041 0.00044 499 
0.00033 0.00036 500 
0.00022 0.00023 483 
0.00032 0.00033 4 
7 eee “eee ] 
0.00038 0.00040 
0.00043 0.00044 
0.00026 to 0.00027 t 
E 
24 
1.9 0.375 319 
29.77 11.25 0.378 321 
14.3 5.05 0.35% 415 
15.4 5.18 0.336 486 
15.58 6.3 0.404 236 
22 4 1192 223 491 
4 


of Hooke’s law. True stresses on the compression side are some- 
what greater, 1 to 4 per cent, and on the tension side somewhat 
less than on the basis of Hooke’s law. 

(2) Due to the difference between adiabatic and isothermal 
moduli, any case of sudden bending will be followed by a period 
of thermal creep. Heat transfer in metal is so rapid that except 
in thick beams this period is very short. For a rectangular 
cross-section one-half of the creep will occur within the first 
3 b? seconds, where b is the side in inches. In shafting revolving 
at a moderate speed, or in small diameter high speed shafting, 
an appreciable amount of hysteresis loss may result from the 
thermal cycles through which this phenomenon causes the shaft to 
pass. 

(3) The temperature effect upon stiffness is the same in the 
case of bending as in the case of direct tensile or compressive 
stress. 

(4) As with direct tensile or compressive stresses, overstress 
in bending may result in decreased values of E under future 
moderate stresses. 

(5) The compression side of a beam tends to widen laterally 
as it shortens longitudinally, while the reverse effect occurs on the 
tension side. Asa result, the beam tends to warp, or curve, in the 
lateral direction. This is called the anti-clastic effect. In thin 
flat strips, as used in spiral springs, the development of this 
lateral curvature is obviously impossible. Prevention of the anti- 
clastic curvature produces as a secondary effect a fictitious stiff- 
ness in the strip as a whole, so that the apparent modulus of 
elasticity in bending may range up to 10 per cent higher than the 
measured value of £ in tension for the same strip. In the limit- 
ing case, the stiffness will go up in the ratio of (1 — p*) to 1, 
where p is the value of Poisson’s ratio. 


EXPLANATION OF TABLES 


Table 1 gives values necessary for the computation of the 
differences between the adiabatic and isothermal moduli of 
elasticity, and also of the thermal creep in tension, for several 
typical materials. The column headings in this table are self- 
explanatory except the last two headed k,; and k,. The change 
in temperature resulting from rapid application of elastic tensile 
or compressive strain, in deg C, equals the stress change S, in 
lb per sq in., multiplied by the constant k,. Tensile strain 
causes a decrease and compressive strain an increase in tem- 
perature. The modulus of elasticity for rapid loading, or 
“adiabatic modulus,” is greater than the value for slow or iso- 
thermal loading in the ratio (1 + ks) to 1. 

In Table 2 the columns k, and ky give corresponding values for 
hydrostatic compression or tension. The column headed K 
gives the volume modulus of the material as of a temperature 
30 C in terms of the stress. For hard drawn aluminum, for 
example, the modulus of elasticity under low stress is 10,320,000 
lb per sq in., and this value increases at the rate of 3.9 for each 
lb per sq in. of applied pressure in compression. As noted in 
the table, these figures have been computed on the basis of data 
published by Dr. P. W. Bridgman. The terms are necessarily 
approximate only and equations involving higher powers of S 
would probably be needed to give the exact values. No experi- 
mental work has been possible, but for theoretical reasons, rate 
of decrease of the volume modulus under tensile stress should be 
the same as the rate of increase under compressive stress, giving, 
for example, for aluminum under 100,000 Ib per sq in. hydro- 
Static tension, a modulus of 9,930,000. 

Table 3 gives values of the shearing modulus G@ and of its 
temperature coefficient. As stated in the paper, the adiabatic 
and isothermal values of this modulus are essentially alike and 
this modulus also changes little with stress. Experimental 
results given by Keulegan and Houseman in the Bureau of 
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Standards Journal of en for March, 1933, indicate that for 
any given material the temperature coefficients of Young’s 
modulus and of the shearing modulus are essentially alike, so 
that the temperature coefficients for special spring materials in 
shear may also be used in tension, compression, and bending. 

Table 4 gives values of Young’s modulus as a function of 
applied stress as determined in the Union College investigation. 
For details of this investigation see previous reports in the 
A.S.M.E. Transactions. It will be noted that the rate of change 
with stress given here is essentially of the same order of magni- 
tude as the rate of change of volume modulus with stress as 
determined by Bridgman. In this work every effort was made 
to eliminate or correct for the effect of plastic or pseudo-elastic 
creep and it is believed that these equations approximate to 
representing the true elastic behavior of the material. Due to 
the experimental difficulties involved in the measurement of 
Young’s modulus under compressive stress, all work here was 
necessarily confined to tensile loading. 

Table 5 gives comparisons of values of E and G as taken from 
Tables 3 and 4, and also values of Poisson’s ratio as computed 
from E and G on the basis of the usual formula. A further 
discussion of this table is given in the Appendix. Caution 
should be exercised in using these values of Poisson’s ratio. 
The formula p = (E/2G) — 1 is based on the assumption that 
the material has uniform properties in all directions. For cold- 
drawn wire particularly, it seems probable that, due to the pre- 
ferred orientation of the crystals in the wire, the modulus of 
elasticity is different in different directions and that the formula 
for Poisson’s ratio, therefore, is not valid in this instance. 


Append 


=e: 
Tests oF TORSIONAL 


Three methods of testing the shearing, or rather the torsional 
behavior, of a wire are readily available. It may be tested 
directly by applying a known torque to a straight length of the 
wire, and measuring the resulting angular twist. As an alterna- 
tive, two indirect methods may be used, either making the wire 
up in the form of a helical spring to be tested in extension or 
compression, or using the wire as the support rod for a torsional 
pendulum. 

The first method gives more obvious and more convincing 
results, but it has the disadvantage, where high precision is 
desired, that it is difficult to measure either the applied torque or 
the angle of twist without being affected by friction. The tor- 
sional pendulum method permits of very rapid and accurate 
measurements, but it has the disadvantage that due to the weight 
of the bob of the pendulum, the wire is necessarily under a com- 
bination of torsional and tensile stresses, rather than under tor- 
sional stress alone, and the second practical objection is that it is 
a much less obvious method than to take measurements under 
direct torque. The third method avoids the first part of this 
last objection, but introduces the difficulty that the measurements 
made represent, not the behavior of the wire, but the behavior of 
the completed spring, as affected by any imperfections in the 
spring formulas used, or by any changes in the material resulting 
from the method of manufacture. 

As the most advantageous method, it was decided to obtain 
the properties of the wires themselves by use of the torsional 
pendulum method, using a modification of the long wire set-up 
which was used in investigations in tension as described in the 
previous report; and then to make up these same lengths of wire 
into springs, to be tested by the third method, in order that the 
differences might be noted. This would give comparative data 
also, which would permit a direct comparison between values of 
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moduli of elasticity and hysteresis losses in tension and in torsion. 
The modulus of elasticity in shear of the wire used to support 
the bob of a torsional pendulum is given by the equation: 


8rLI 
= gr'p? Sen 
where L = length of wire J = mass moment of inertia of bob 
r =radiusof wire p = period in seconds 


The pendulum bob was made up of a holder carrying a vari- 
able number of steel disks as weights, each 8.725 in. in diameter 
and slightly less than '/2 in. thick. It was so designed as to be 
accurately centered under the wire, and to offer the minimum 
possible resistance to rotation from air friction. The wire had 
an effective length of about 626 in. The same general set-up 
was used as for the tension test, the wires being suspended inside 
a 3-in. pipe which itself passed through the length of a 5-ft- 
diameter vertical tank filled with water. In this way the wires 
were held at a controlled temperature and were also protected 
from any side drafts. The weights were turned through a 
known angle so as to put the wire in torsion and then released 
and allowed to rotate freely. The period of the pendulum 

; ranged from 15 to 250 sec, depending on the wire and on the 
weight of the bob. By using a stop-watch and timing over an 
interval of fifteen to thirty minutes, this period could be measured 
_ with a high degree of accuracy. 

At the same time, the internal hysteresis in the wire was 
7 determined by measurements of the rate of decrease of amplitude 
_ of the vibrations. To do this, a small mirror adjustable in posi- 
tion was placed at the upper end of the bob, and by use of a 
_ telescope pointed at the mirror, readings on the reflected image of 
a scale fifty inches from the wire were taken at the end of each 
=_ usually over a period of ten swings. The scale could be 
read with ease to a precision of 0.0002 radian of arc, and as the 
- amplitude of vibration ranged from one-sixteenth of a revolution 
to as high as three to five full revolutions each side of the mean- 
position, the probable accuracy of measurement of the decre- 
ment ratio as obtained by dividing the decrease in amplitude 
in radians per vibration by the amplitude in radians, was rela- 
tively high. This decrement ratio incidentally is numerically 
equivalent to the logarithmic decrement as usually given. The 
results are of course still affected by air friction and by the 
errors in reading resulting from lateral oscillations of the bob, 

which it was almost impossible to prevent completely. 

Tables 6 and 7 (not printed) give typical values of time of 
oscillation and decrement readings, and also of computed values 
of G and the decrement ratio for four different bob weights and 
for various amplitudes. Regarding these results the following 

statements may be made: 
(1) Consistent values of G are found for amplitudes of vibra- 
tion corresponding to torsional stress values greater than 1000 to 
: 1500 lb per sq in. 

(2) These consistent values of G become lower as the bob 
weight, and so the tensile stress on the wire, increases if figured 
on the basis of the unloaded dimensions of the wire. If, how- 
ever, the true dimensions of the wire under load are used, the 
value of G is essentially constant. 

(3) For low amplitude of vibration, the values of G are widely 

erratic, in some cases increasing, in other cases decreasing, as the 
stress range decreases. These variations are far greater than any 
experimental errors in the work itself. The wires were freely 
suspended, and air friction at these speeds was negligible, so that 

it is difficult to associate these variations except with deviations 

in elastic behavior within the wire itself. The variations are in 

b: general more pronounced for the smaller wires than for the larger 


a ae ones, and so may be a surface effect. They do not seem to be in 


any way connected with the amount of internal friction, which is 
measured by the decrement ratio. These large variations in G 
for any given material occur both with moderate and with large 

tensile loads, but no regular law of variation can be observed. 
(4) The relation between Poisson’s ratio and the moduli of 
elasticity in tension and shear for a homogeneous isotropic mate- 


rial is given by theequation: 


2(1 + p) 


where p = Poisson’s ratio. 

Table 5 shows the values of G/E and of p as computed for 
various materials on the basis of this experimental work. It will 
be noticed that especially for those materials whose strength is 
due to cold drawing, there is a tendency for the computed value 
of p to approach 0.5. (Phosphor bronze seems to be an excep- 
tion.) For theoretical reasons, it is difficult to accept these high 
values as being correct. A more probable alternative explana- 
tion is that these wires are not isotropic with respect to G, and 
that consequently the preceding equation must be used with 
caution. 

Average values of logarithmic decrement as obtained for the 
various wires tested are as follows: 


Material Logarithmic Decrement 
Duralumin (17 SRT alloy) .0014 


Brass, as drawn 0052 
Brass, relief annealed 0034 
Phosphor bronze 0016 
0030 

0.67% C Steel, heat treated 
0.080 in. diameter 0030 
0012 
0027 
0040 
0.0033 


These values are given for information only and must be used with — 
caution. They represent results obtained on one batch of wire 
only ineach case. Further, in most cases for any given wire there 
is a considerable variation in logarithmic decrement in torsion, 
depending upon the amplitude of vibration and upon the tensile | 
load which was simultaneously present. : 

Only a limited number of tests were made on coiled springs 
made up from this wire. In general the values of modulus of 
elasticity as computed from tests on the coiled springs were 
similar to the values as obtained by the torsion pendulum method. 
The hysteresis and creep in the coiled springs, which were tested 
as coiled (not subsequently heat-treated) was, however, great 
enough to prevent any great accuracy in this determination. 
To obtain exact values it will be necessary to give the spring some 
form of mild heat-treatment, as is usually done with springs for 
any form of measuring nstrument. Experimental work was 
discontinued before it was possible to do this. 

Overloading the springs in each case caused a sharp decrease in 
the value of the modulus, accompanied by an increase in hystere-_ 


sis. This decrease n modulus was a real effect and not simply a | 


pseudo-effect caused by the change in dimensions of the | 
spring. 

A number of measurements have been made of the deformations 
occurring in the half loop or whole loops bent up at the end of the | 
tension springs, and these deformations have been compared with 
the deformations per coil in the spring proper under the same 
loads. The results suggest that a half coil turned up to form a 
loop should be treated as equivalent to an increase in effective 
length of spring of 0.10 of a full coil, and that a full coil turned 
up part way to form a loop, with load still centrally applied with 


respect to the spring, is equivalent to 0.50 of a full coil. : 
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This paper briefly describes various phases of creep and 
elastic recovery in metals and offers a new theory of the 
mechanism by which these phenomena may be brought 
about. This explanation may also, in some measure, 
apply to the larger problem of plastic flow in metals in 
general. 

No clear-cut differentiation seems to exist between the 
creep effects which occur below the elastic limit and the 
larger plastic yield occurring at higher stresses. One 
apparently merges gradually into the other. 

The amount of creep and hysteresis seems to be defi- 
nitely related to the temperature of the metal and to its 
state of internal stress. Any satisfactory theory of the 
mechanism of plastic flow must explain these facts and 
must also account for the elastic recovery effects, the time 
lag in initial creep, and the presence of continuity in metal 
even after slippage has extended from one crystal into a 
second differently oriented crystal. 

The author suggests several hypotheses to explain these 
and his explanation seems to agree reasonably well with 
the facts observed from accurate measurements made at 
Union College, as well as with observations made by others. 
Various theoretical reasons also support these hypotheses. 


HE phenomenon of creep in metals has been under intensive 

engineering study for the past ten years. In the main, 

however, attention has been directed to creep at high 
temperatures, and the existence of creep and elastic recovery in the 
same metals at room temperature has been in a measure ignored. 
In many cases the assumption seems to have been tacitly made 
that the two were of such widely different character that lessons 
from one were of no benefit in the study of the other phenomenon. 
As a result, in papers on high temperature creep, almost no atten- 
tion has been paid to the large mass of material on room tem- 
perature creep gathered particularly in England, France, and 
Germany over the past fifty years. 

The study of elastic behavior in spring metals carried on at 
Union College over the past six years under the sponsorship of the 
A.S.M.E. Special Research Committee on Mechanical Springs 
has necessarily involved a large number of measurements of 
creep and elastic recovery as well. In fact, the sensitivity of the 
measurements of elastic elongation in this work (sensitivity, one 
part in ten million; probable precision, one part in one to two 
million) was such that attention to the pseudo-elastic components 
of elongation could not well be avoided. Even in very high- 
strength steel and at low stresses, the work had to be done very 
carefully in order to isolate the true elastic strain from the 
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Elastic Recovery Phenomena 


By M. F. SAYRE,’ SCHENECTADY, N. Y. 


were 


accompanying creep on loading and from the accompanying 
elastic, or pseudo-elastic recovery on unloading. 

Evidence slowly accumulated indicating that no dividing line 
could be drawn between permanent creep, the so-called elastic 
creep, and recovery. One merged gradually into the other in 
such a way as to indicate that the two, except for the thermal com- 
ponent of the elastic creep, later described, were one and the same 
in nature. Evidence based on the peculiar characteristics of 
elastic recovery, easily measurable at room temperature, would 
appear to be valid for high-temperature creep. Any explanation 
of one would cover the other and would also in some measure 
apply to the larger problem of plastic flow in metals in general. 
The following statement of room-temperature behavior in a metal 
under loads within the so-called elastic limit must be read with 
that fact in mind. 


APPARENT RESULTS OF THE LOADING-UNLOADING CYCLE 


Application of a cycle of loading and unloading to a bar seems 
to result in the following events: 

(1) On application of load, a wave of elastic strain moves 
through the bar with the velocity of sound. It is accompanied 
by a slight rise or fall of temperature, due to the adiabatic com- 
pression or extension, respectively, of the material. 

(2) The resulting temperature gradient within the bar and 
between the bar and the surrounding atmosphere equalizes it- 
self by conduction of heat, with resulting thermal creep. 

(3) At isolated points along the bar, along crystal planes 
which are weak or unfavorably oriented, or subjected to internal 
stress, slip has meanwhile been occurring. Under light loads 
this initial slip does not pass beyond the bounds of an individual 
crystal. Minute changes in length of the bar result from these 
slippages. 

(4) Under heavier loads these slip zones now begin in some 
cases to extend into adjoining crystals. Due to differences 
in orientation of slip planes this will necessarily be accompanied 
by a certain amount of fragmentation within the crystals and of 
flow among the boundary atoms. The resulting gradual creep 
may continue, but at a decreasing rate, over hours and even 
days. 

(5) On removal of loading, the elastic changes, (1) and (2), 
reverse themselves. As a result of the thermal effect, a hysteresis 
loop will be formed. Even purely elastic changes are therefore 
accompanied by energy loss. 

(6) Following the removal of loading, a gradual pseudo-elastic 
recovery occurs which will bring the piece back part way to its 
original length. This period of recovery, like the period of creep 
on initial loading, may last for many days. 

(7) It has been stated by two or three experimenters that after 
sufficiently rapid loading and unloading the bar may exhibit an 
apparent memory of past events, first creeping slightly longer 
after being unloaded and then reversing itself and creeping in 
the opposite direction. This was not noticed in the Union 
College experiments but the conditions of the tests were not 
particularly favorable for its observation. Tin +n 
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plastic yield occurring at higher stresses. 
gradually into the other. 

In general the amount of creep and hysteresis seems to be 
definitely related (a) to the temperature of the metal, rise in tem- 
perature increasing creep, and (6) to its state of internal stress. 
Very mild heat treatments may greatly decrease hysteresis, while 
over-loads beyond the elastic limit greatly increase it. 

Any satisfactory theory of the mechanism of plastic flow must 
explain these facts and must also account for (c) the elastic- 
recovery effects, (d) the time lag in initial creep, and (e) the 
presence of continuity in metal even after slippage has extended 
from one crystal into a second differently oriented crystal. 

To explain these, the following hypotheses are suggested : 

(1) Time delay may be explained as follows: The atoms in 
any material at temperatures above zero deg absolute are 
vibrating about equilibrium positions in the crystal net-work. 
Along any limited section of a crystal plane the resistance to shear 
is a function of the relative configuration of the individual atoms 
at any particular moment, and so will vary from moment to 
moment as the relative atomic positions change. Along that 
minute area, therefore, resistance to shear is not a constant but 
may be best expressed as a probability function ranging above 
_ and below some one most probable value. For any stress intensi- 
ties below this most probable value, failure will be postponed 
until such an instant as this varying resistance to shear drops be- 
low the applied stress intensity. The probable time delay before 
this event will be controlled by this same probability function. 

(2) Initial slippage usually occurs along only a minute frac- 
tion of the area of a weak crystal plane within an individual 
crystal, under the conditions explained above. 

(3) This slip next extends across the area of the crystal, re- 
“a in a development of zones of compressed and of corre- 
_ spondingly rarified atoms within the crystal on each side of the 
_ plane. Slippage may never extend beyond the limits of this 
_ erystal. In this case, on unloading, the stress within the crystal 
_ tends to force the atoms back to their original position and 
_ pseudo-elastic recovery occurs. 
(4) The nature of metal structure is such that slippage extend- 
_ ing across several adjacent crystals is impossible unless (a) the 
_ adjacent atoms are identically oriented, i.e., constitute essen- 
tially a single crystal, (6) the forces are so great as to compel 
- actual rupture within the crystal, leaving a void, or (c) actual 
r _ flow and readjustment of atomic position along grain boundaries, 

_ akin to diffusion, accompanies the slippage. 

Along these boundary zones atoms are vibrating about equilib- 

- rium positions, but with somewhat greater freedom of movement 

due to the broken up crystalline structure. As already de- 

 seribed, very high stress concentrations will be present along the 
edges of an individual crystal in which slip has already occurred. 
Atoms in any compressed zone will be under strong tendency to 
migrate one by one into the adjacent less compressed area. The 
resistance offered by adjacent atoms to this movement will again 
be a function of their configuration and will fluctuate widely as 
this configuration changes due to the random vibrations of the 
atoms. Here, again, this opposing pressure will fluctuate ac- 
cording to the laws of probability, ranging above and below some 
one most probable value. The time delay for any individual 
- atom may be small, but any finite movement hinges upon the 
_ successive migration of a large number of atoms, and so may be 
_ delayed for a considerable period. Rise in temperature will ac- 
celerate the vibration of the atoms and so modify the prob- 
ability function toward more rapid flow, and also toward flow 

7 under lower stresses. 
7 (5) In the case of the harder metals the vibration of the atoms 
will be so constrained by the crystal net-work that there will be 
a certain threshold pressure below which diffusion or plastic flow 


One apparently merges 
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cannot occur. In the case of a substance lacking crystalline 
structure, as tar, the crystalline net-work does not exist, the 
vibrations are less limited and the threshold pressure may be zero. 
In this case, flow may occur under infinitely small stresses, 
although according to the theory of probability the moments 
during which favorable configuration will occur will be so in- 
frequent that diffusion or flow will be very slow. 

(6) Creep, therefore, probably occurs in successive stages; 
first a slip within an individual crystal, then a gradual flow along 
the boundary lines followed by slip in the adjacent crystal, and so 
on 


(7) Slip not extending beyond the limit of an individual 


crystal is still more or less reversible in character. Forces exist 
within the crystal itself, which will tend, upon removal of ex- 
ternal force, to drive it back to its original configuration. These 
restoring forces are resisted by the bond which reestablishes itself 
across the slip plane the moment the initial period of movement 
had ceased. There is, therefore, a back lash between the force 
at which, on initially applying the load, the first slip occurs and 
the force value at which, upon removing the load, the return 
movement occurs. The amount of creep after the initial loading 
is, therefore, likely to be greater than the amount of elastic re- 
covery, thereby leaving some permanent set. Future repetitions 
of loading and unloading, however, tend to place the material 
in a cyclical state. 

(8) In some cases elastic recovery may occur after slippage 
has extended into adjacent crystals, since even here large stresses _ 
exist tending toward recovery of shape. This return movement 
would probably take place in two or more successive stages and a 
larger time lag would be noticed. 

(9) “Memory” within the crystal is less easy to explain. It 
is possible that the trapped stresses present within an individual — 
crystal, resulting from slip within that crystal, may have been 
on the verge of breaking through into an adjacent crystal during : 
the loaded stage. On unloading, these trapped stresses would be 
decreased in magnitude but a sufficient residual may have been 
present to complete a break-through which was almost ready to 
occur during the loaded stages. In this way, a slight forward : 
creep would occur, to be immediately followed by a return creep 
as the various slip planes work back to their virgin positions. 

This would be most likely to occur if the load had been left on 
just long enough to initiate an active period of creep and if, 
thereafter, the load had been very rapidly removed and measure- _ 
ments taken. 

(10) “Crackless plasticity,’ as defined by H. F. Moore, would 
be present in those cases where slip bands had not passed be- 
yond their original crystal, and to a lesser degree beyond that 
stage. 

(11) Permanent set would result (a) from slippage within . 
individual crystals if the bond developed in the slip plane after 
the initial slip was sufficiently great to prevent reverse movement. 
In this case, subjecting the bar to cycles of equal positive and 
negative loading would remove the permanent set. (6b) It would 
result from any slippage which had extended through several 
crystals, to such a distance that the resulting residual stresses in 
material are not sufficient to compel complete recovery. (c) 
It would result, obviously, also from any succession of slip planes 
which had worked their way across the entire width of the speci- 
men. In this case no elastic recovery would occur. 

(12) In many cases these phenomena would be complicated 
by the presence of twinning, which would aid in producing per- 
manent changes of shape. 

(13) In metals at higher temperatures, or in metals like zinc 
at room temperature, the process would be complicated by the — 
occurrence of recrystallization. The mechanical phases of this 
process would occur by a mechanism following the same general — 


: 
a 
he" 
4 
5 


_ laws as those described for diffusion or flow of atoms. The same 


_ probability function would govern the time required for any 


rearrangement of an individual atom. 


(14) Plastic flow would occur following these same rules. 
It would differ from the phenomenon of creep only in that the 


-suce essive operations would be carried further and would occur 


rapidly. 


_ space to give in this article, also support the hypothesis. 


CONCLUSION 


The above explanation is presented as a hypothesis only. It 


; seems to agree reasonably well with the facts as observed in 
_ thousands of accurate measurements made at Union College, and 
_ with observations made by others as far as they have been de- 


scribed. Various theoretical reasons, which there has not been 


It is, 


_ therefore, presented here for criticism or modification > 


even after a steady load applied for ten days. 
stresses are used, increasing amounts of permanent deformation 


advance across the crystal boundary. 


cent tin phosphor-bronze, 0.115 


Discussion 
R. W. Carson.? Behavior of cold-worked phosphor bronze 

is explained reasonably well by Prof. Sayre’s hypothesis. For 
example, a bend-test specimen with a tensile strength of 120,000 
and an elastic limit of 40,000 to 50,000 Ib per sq in. shows no per- 
manent strain under bending loads giving a maximum fiber stress 
of 15,000 Ib per sq in. At lower stresses sensitive measurements 
on heat-treated specimens reveal no permanent deformations 
When higher 


are found. According to the views of the author, the stress of 
15,000 Ib per sq in. corresponds to the lowest load causing slip to 
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Tests on this cold worked phosphor bronze, however, at less 
than 15,000 Ib per sq in. show that the elastic recovery rate is 
much slower than the rate of creep under load. In an itivestiga- 


tion’ of the inelastic properties of a series of copper-base alloys 
- this characteristic was found to be common to all materials ex- 


amined. 


2 Assistant Editor, Product Engineering, McGraw-Hill Publishing 
—Co., New York, N. Y. Jun. A.S.M.E. 


3 R. W. Carson, “Better Instrument Springs,”’ Electrical Engineer- 


ting, vol. 53, Feb., 1934, pp. 282-286. 


RESEARCH 


As shown in the curve, Fig. 1, a bending load giving a maximum 
fiber stress of 11,000 lb per sq in. applied for one hour produced - 
creep which subsequently recovered in approximately two hours. 
For the same load imposed for five hours, the recovery time 
would have been complete in 170 hours; and the curve for a 25- 
hour load indicates complete recovery in 1000 hours. These 
data plotted to logarithmic coordinates in Fig. 2 show that the 
ratio between creep time under load and time for complete re- 
covery increases rapidly as the load time increases. Can the 
hypothesis advanced by Prof. Sayre account for this condition? 
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Although this hypothesis has been confined to the effects of 
applied strain, the same mechanism will also apply to other 
effects such as aging or the relief of internal stresses with passage 
of time, and the process of age-hardening. Likewise, it should 
also account for the aging of permanent magnets, and the “season 
cracking” of hard brass. Crystalline behavior will undoubtedly 
be the same for internal stresses as for applied stresses. For this 
reason, the hypothesis has much wider application than for 
stressed members alone, and confirmation or modification should 
therefore be available from many other sources. 

Since higher temperatures and longer periods under load in- 
tensify elastic creep and recovery, the load conditions in high- 
temperature creep tests are favorable for producing large elastic 
lag effects. Further confirmation of Prof. Sayre’s explanation 
should come from investigators of high temperature creep. 


AvutHoR’s CLOSURE 


Mr. Carson is correct, I believe, in his statement that this 
same hypothesis may be applied to such problems as the relief 
of internal stresses with passage of time, and the process of age 
hardening. Experimental confirmation or modification of the 
theory from these sources should therefore be available. 

The difference between the rate of creep and rate of elastic 
recovery mentioned by Mr. Carson is, I believe, due to the 
difference between the forces acting in the two cases. During 
the recovery period the only forces acting are those due to the 
internal stresses which have been set up in the material as a 
result of the previous creep and these internal stresses will be, 
in general, much smaller than the direct stresses available during 
application of the load. This would naturally result in a slower 
rate for the recovery than for the initial creep. 
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N VIEW of the wide field covered by the term “Applied 
Mechanics,” the work of the Division, so far as the review of 
papers and the preparation of progress reports is concerned, 

has been divided among several subcommittees. It is intended 

that each subcommittee shall act as a central clearing house of 

information in work relating to its particular field. 
The subcommittees as at present organized are: 


Elasticity 

Strength of Materials 

Plasticity 

Dynamics (including vibration) 

Mechanics of Liquids and Gases 
Heat and Thermodynamics. 


Other subcommittees on mechanical measurements, kinematics 
and mechanism, and structural statics may be added as conditions 
warrant. 


GENERAL 


Of general interest is the appearance in April, 1933, of a new 
semi-monthly periodical, entitled Zentralblatt fiir Mechanik 
(Springer, Berlin). In this publication all papers appearing any- 
where in the world on the broad subject of Applied Mechanics 
are discussed in abstracts of about ten lines. The enterprise has a 
truly international character. 

The National Research Council in Italy has established a spe- 
cial institute for the assistance of research workers in problems 
requiring advanced mathematical analysis. 

Exasticity! 

The review of new publications on the theory of elasticity may 
begin with consideration of the book by N. Muschelisvili pub- 
lished by the Russian Academy of Science (1).2_ The book repre- 
sents a series of lectures on the theory of elasticity given at the 
Seismological Institute and at the Institute of Mathematics and 
Mechanics of the University of St. Petersburg. The chapter on 
two-dimensional problems is especially interesting and complete. 
The author develops a new method of solution of such problems 
(2) and applies it to the study of stress concentration due to the 
presence of holes of various shapes and inclusions. The case of an 
elliptical hole is treated in great detail and in a simpler way than 
has been done before. Of especial interest to engineers are the 
chapters on torsion and bending of prismatical bars in which the 
case of a bar consisting of two different materials is discussed in 
connection with stress analysis in reinforced-concrete structures 
(3, 4, 5). 

Several interesting papers on two-dimensional problems have 
appeared this year. Among these is the paper by R. C. J. 
Howland and A. C. Stevenson (6) which discusses stress distribu- 
tion around a circular hole in a rectangular strip subjected to 
bending; the paper by H. M. Westergaard (7) giving a geometri- 
cal interpretation of the stress function of the two-dimensional 
problem; and the paper by Ernest Melan (8) giving a rigorous 
solution of the problem on stresses produced by a concentrated 


1 Compiled by Dr. S. Timoshenko. 

? Numbers in parentheses refer to similarly numbered references 
given at the end of the report. 
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force applied at an internal point in the middle plane of a plate. 

Further development in experimental methods of solving two- 
dimensional problems of elasticity has taken place during the last 
year. In photoelastic work the use of bakelite for a transparent 
material together with the “fringe method” is now accepted by 
the majority of experimenters. An interesting study of a bakelite 
model was made by A. M. Wahl (9), in which the stress concen- 
tration at a circular hole, measured photoelastically, is compared 
with the theoretical calculations of R. C. J. Howland and with 
extensometer measurements made on a steel model. A com- 
plete study of mechanical and optical properties of bakelite was 
made by E. E. Weibel (10). He used bakelite models in study- 
ing stress concentration at reentrant corners. In determining the 
sum of the two principal stresses, the membrane analogy, sug- 
gested by J. P. DenHartog, was successfully used. C. B. Biezeno 
and J. J. Koch (11) have developed a new method of solving two- 
dimensional problems by using an electrical analogy. The stress 
distribution is obtained from the potential distribution in a plate, 
along the boundary of which the potential is varying in a pre- 
scribed manner. Strain measurements in a tunnel wall were 
made by N. N. Davidenkoff (12, 13). For this purpose, special 
telemeters were constructed in which the strain was determined 
from the change of pitch of a stretched vibrating string. Very 
interesting experiments on models subjected to the action of 
large centrifugal forces have been made by N. N. Davidenkoff 
(14). From a consideration of similarity, it is found that in order 
to have the same stresses in a model as in an actual structure, the 
body forces must be inversely proportional to the scale of the 


noel. The centrifugal forces were used by Davidenkoff to 


magnify the body forces in the required proportion. 

Considerable work has been done during the past year on the 
theory of plates and thin shells. In the paper by H. Reissner 
(15), a rigorous solution of the problem of bending a cylindrical 
shell submitted to the action of hydrostatic pressure is given, and 
in the papers by S. Woinowsky-Krieger (16, 17, 18), several prob- 
lems on the bending of plates are discussed. 

Stability problems were discussed by several authors. E. 
Trefftz (19) developed the general theory of elastic stability based 
on the consideration of strain energy of the elastic system and 
applied this theory to the case of lateral buckling of beams. The 
same theory has been applied by T. E. Schunck (20) in studying 
various cases of stability of a cylindrical shell. A numerical 
application of the theory to the study of stability of a thin-walled 
gas container has been made. G. I. Taylor (21) solved the 
problem of the buckling of a compressed plate with clamped 
edges. L. H. Donnell (22) gave the solution of the problem of 
the buckling of a thin cylindrical shell under torsion and made a 
large number of experiments dealing with various cases of in- 
stability of thin-walled constructions. S. Timoshenko (23) 


investigated the problem of the buckling of the web of a plate . 


girder. D. H. Young (24) discussed the rational design of solid 
and built-up steel columns. 
Residual stresses due to cold working in thin brass tubes have 
been experimentally studied by N. N. Davidenkoff (25). Stresses 
in large forgings due to non-uniform cooling were experimentally 
studied by G. Kirchberg (26). J. Mathar (27) developed a 
special apparatus for studying residual stresses. The stress is 
obtained from the small distortions of a drilled circular hole. 
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Interest in the application of recent advances in the mechanics 
of materials was strikingly evidenced at the Symposium on 
Working Stresses held at the 1932 Annual Meeting of the 
A.S.M.E. Papers dealt with the creep of metals at elevated 
s temperatures, buckling failure, impact, and fatigue, and included 
- 4 general discussions on theories of failure and working stresses. 
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Important advances made in the technology of cast iron were 
presented at a Symposium on Cast Iron held in Chicago in June, 
1933, under the joint auspices of the American Society for Test- 
ing Materials and the American Foundrymen’s Association. A 
better appreciation of the proper application of cast iron as an 
engineering material has resulted from these papers and discus- 
sions. ° 

In connection with corrosion fatigue, emphasis is being placed. 
on the development of practical methods of surface protection. 
Nitriding has been shown to be effective (28). Surface cold 
working (29) has been found to increase the corrosion endurance 
limit of unnotched specimens by as much as 50 per cent. By 
cold working holes and grooves, the corrosion-fatigue fracture was 
shifted to the full section, where the area moment of inertia was 
1.33 to 1.96 times as great. 

With regard to impact testing, a torsion machine (30) for test- 
ing hard steels, such as are used in taps, drills, etc., has been de- 
veloped, and should be of interest to investigators of impact 
phenomena. 

Further research at the National Physical Laboratory, Ted- 
dington, England, on the fatigue strength of heat-treated leaf 
springs (31) has demonstrated the deleterious effect of surface 
decarburization and has also indicated means of prevention. 

The important problem of the fatigue strength of clamped 
members and press-fit constructions (32) (shafts with gears, 
wheels, pulleys, collars, rotors, etc.) has been investigated for a 
number of conditions. Whereas, normally, the presence of a hub 
may reduce the fatigue strength of a shaft by as much as 50 
per cent, means were developed (such as grooving the hub face 
and cold working the shaft surface) whereby the full strength of 
the shaft could be attained. 

Under further tests, rail steels (33) have shown characteristics 
similar to those previously evidenced in connection with a con- 
sideration of transverse fissures. A process which controls the 
cooling of rails so as to take into account the properties shown in 
these tests has been developed (34). 

A desire for tests on machine elements and construction mem- 
bers as actually produced is evidenced by fatigue tests of bolts 
(35) and tests of welded members. 

28 R. Mailinder: “Uber die Dauerfestigkeit von nitrierten 


Proben.”’ Zeit. V.D.J., Mar. 11, 1933. 
29 <A. Thum and H. Ochs: ‘Die Bekimpfung der Korrosionser- 
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Puasticity* 


A few of the numerous reports of investigations which have 
been published during the past year may be mentioned briefly 
here on account of their particular interest. In a short paper 
L. Prandtl (36) has extended certain ideas he expressed some years 
ago in connection with the phenomena of elastic hysteresis, to the 
case of the rupture of a brittle material. He utilizes certain 
thoughts advanced by A. A. Griffith (37) in his fundamental 
study on the rupture conditions of amorphous materials. It will 
be recalled that to explain the comparatively low tensile strength 

4 Compiled by A. Nadai. 
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of brittle amorphous materials, Griffith assumed that these ma- 
terials are weakened by numerous small cracks or flaws. Ac- 
cording to Prandtl, a mechanical model of a brittle material may 
be conceived as consisting of a great number of small parallel 
slabs partially separated by longitudinal cracks and oriented at 
random in space. He computes the stress required to separate 
the small slabs. By attributing to his model a further property, 
namely, that of starting to flow when it starts to break, he can 
account also for a finite time in which the completion of a fracture 
would occur. How far these ideas may be reconciled with those 
advanced by Zwicky (38) and other physicists, according to which 
small cracks are not sufficient to explain the discrepancy between 
molecular and technical strength, cannot be said. Schlechtweg 
(39) and Orowan (40), on the other hand, believe that discontinu- 
ous movements have an essential part in the plastic phenomena of 
the polycrystalline materials. H. Jeffreys (41) (Cambridge, 
England) derives the equations for an elastico-viscous solid 
known as Maxwell’s solid in an extremely concise form. He 
suggests, as the writer of these lines repeatedly did, that the total 
strains should be separated into two parts: (a) the elastic part 
assumed as usually linearly related to stress; and (b) a plastic 
part. For the latter the law of viscous flow is assumed, i.e., that 
a given stress produces a given rate of strain. These equations 
may be modified to include also a finite plastic strength and they 
may become important some day as the possible base of a practi- 
cal theory of the slow creep of the metals at high temperatures 
for which engineers are searching. 

More recent attempts of the theory (H. Jeffreys, H. Hencky) 
concentrate on efforts to replace the constant time of relaxation 
in the equations by an expression dependent on the state of stress. 
A coincidence worthy, perhaps, of being mentioned, is that con- 
siderable experimental evidence which has been gathered, par- 
ticularly by P. G. MeVetty in years of testing the high-tempera- 
ture properties of metals, speaks in favor of some of the hypo- 
thetically assumed properties of the elastico-viscous solid. The 
Working Stress Symposium, which was held at the 1932 Annual 
Meeting of the A.S.M.E. reflected in papers by Timoshenko, 
Soderberg, Moser, Peterson, McCullough, and others the present 
state of knowledge and of needs of engineers in this particular 
field. 

36 L. Prandtl: Zeit. fiir angewandte Mathematik und Mechanik, 
vol. 13, ne. 2, April, 1933, p. 129. 

37 A.A. Griffith: Phil. Trans. Royal Soc. London, vol. 221, ser. 
A, 1921, p. 163. 

38 F. Zwicky: ‘‘The Problem of the Solid State of Matter.” 
Mechanical Engineering, vol. 55, July, 1933, p. 427. 

39 Schlechtweg: Physikalische Zeit., vol. 34, 1933, p. 404. 

40 Orowan: Zeit. fiir Physik, vol. 79, no. 9, 1932. 

41 H. Jeffreys: Proc. Royal Soc., vol. 138, ser. A, 1933, p. 283. 


DYNAMICS AND KINEMATICS® 


Vibration. Of general interest is a new book by A. L. Kimball 
(42) which treats the elements of the vibration problem from the 
viewpoint of the turbine engineer. K. Hohenemser, in a pam- 
phlet of the series “Ergebnisse der Mathematik und ihrer Grenz- 
gebiete” (43), gives a valuable and comprehensive review of the 
various mathematical methods which have been devised for the 
solution of vibration problems. 

J. P. DenHartog has devised a closer approximation for the 
forced vibration of a non-linear elastic system (44). 

The problem of transmission line vibration has been treated by 
Maass (45), Schmitt and Behrens (46), and others. 

Lehr (47) reviews and contributes to our present knowledge of 
valve-spring surge. 

Kinematics and Mechanism. In this country but little atten- 
tion has been given to the development of applied kinematics and 
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this branch of science has not as yet been represented in the ac- 
tivities of the Applied Mechanies Division. Abroad, kinematics 
has been intensively developed over a period of years, particu- 
larly by Continental writers. It should be pointed out that many 
of these developments are of interest to the engineer. 

During the past two years R. Beyer has developed vector-dia- 
gram methods for the study of gear trains (48) and plane mecha- 
nism (49). The same author is also working on the development 
of space kinematics (50, 51). 

K. Rauh has discussed the subject of coupler curve or link 
mechanism (52). 

F. E. Myard (53) develops a general theory of the transmission 
problem between two axes in space. 

Many other papers in this field have appeared abroad but space 
limitations allow the citation of only a few of them (54-57). 

42 A. L. Kimball: ‘Vibration Prevention in Engineering.’’ 
John Wiley & Sons, New York, 1932. 

43 K. Hohenemser: ‘‘Die Methoden zur angenaherten Losung 
von Eigenwertsproblemen in der Elastokinetik.’’ Springer, Berlin. 


44 J. P. DenHartog: ‘‘Amplitudes of Non-Harmonic Vibra- 
tions.” Jour. Franklin Inst., Oct., 1933. 


45 H. Maass: 
nungsfreileitungen.”’ 


‘““Mechanische Schwingungen von Hochspan- 
Phys. Zeit., vol. 34, 1933, p. 389. 


46 H. Schmitt and P. Behrens: ‘Theoretische und experi- 
mentelle Untersuchungen iiber Seilschwingungen.”’ Elektrotech- 
nische Zeit., no. 25, 1933. 

47 E. Lehr: ‘“Schwingungen in Ventilfedern.”” Zeit. V.D.I., 
vol. 77, pp. 457-462. 

48 R. Beyer: ‘“‘Geschwindigkeitspliine von Differentialwerken.” 


Maschinen-Konstrukteur (Betriebstechnik), vol. 65, 1932, pp. 79-81. 

49 R. Beyer: ‘‘Drehzahlvektorenplane ebener Getriebe.” Zeit. 
fiir Instrumentenkunde, vol. 53, no. 4, 1933, pp. 164-167. 

50 R. Beyer: ‘‘Neue Wege zur zeichnerische Behandlung der 
Raumlichen Mechanik.”’ Zeit. fiir Angewandte Mathematik und 
Mechanik, vol. 13, no. 1, 1933, pp. 17-31. 

51 R. Beyer: ‘‘Bemerkungen zur Anwendung des Satzes von 
Coriolis.”” Zeit. fiir Angewandte Mathematik und Mechanik, vol. 12, 
no. 6, 1932, pp. 381-382. 

52 K. Rauh and W. Knyrim: ‘Die Grosse der Genauigkeit der 
von Koppelkurven ableitbaren Stillstiinde,”’ Zeit. V.DJ., vol. 77, 
no. 8, 1933, pp. 196-198; and K. Rauh and P. Edler: ‘‘Verstellbare 
Koppelkurventriebe fiir die Hubbewegung mit einen Stillstand.”’ 
Zeit. V.DI., vol. 77, no. 18, 1933, pp. 478-480. 

53 F. E. Myard: ‘Théorie générale des joints de transmission 
de rotation A couple d’emboitement.”” Génie Civil, vol. 102, 1933, 
pp. 345-348. 

54 M. Tolle: ‘‘Beschleunigungsermittelung der sphirischen 
Bewegung mit Hilfe der darstellenden Geometrie’’ (‘‘Determination 
of the Acceleration of Spherical Motions by the Aid of Descriptive 
Geometry’’). Zeit. fiir angewandte Mathematik und Mechanik, vol. 
12, no. 6, Dec., 1932, p. 382. 

55 K. Kuba: ‘‘Anwendung des Verschiebungsplanes auf Schrau- 
bengetriebe”’ (‘‘Application of the Displacement Diagram to Screw 
Mechanisms”’). Zeit. des Oesterreichischen Ingenieur und Architekten 
Vereins, vol. 84, no. 41-42, Oct. 21, 1932, pp. 216-219. 

56 K. A. Flocke: ‘“‘Geschwindigkeitsermittlung beim Rémerge- 
triebe und ‘ihnlichen Getrieben” (‘‘Determination of the Velocities 
in the Rémer-Gear Link-Mechanism and of Similar Mechanismsg’’). 
Zeit. fiir angewandte Mathematik und Mechanik, vol. 13, no. 3, June, 
1933, pp. 241-242. 

57 H. E. Merritt: ‘“‘The Analysis of Planetary Gear Trains.” 
Machinery (London), vol. 41, no. 1061, Feb. 9, 1933, pp. 545-548. 
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A considerable amount of work has been done in the field of 
fluid mechanics during the past year. 

Potential Flow. Some examples of technical interest in two- 
dimensional flow between curved walls have been calculated by 
Miyadzu (58). The potential theory of the wake behind a cir- 
cular cylinder was treated by Weinstein (59). Weinig (60) gave 
methods for the computation of velocity distribution along 
streamline bodies with sharp and rounded noses. Theodorsen 
and Garrick (61) worked out a method based on conformal 
representation suitable for practical computation of pressure 


565 
— 
| 
| 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


distributions on airfoils with given aspect ratios. Betz (62) de- 
veloped methods of finding forces and moments acting on bodies 
in potential flow by use of the singularities of the potential func- 
tion. Hamel (63) studied the case of a rectilinear vortex moving 
around a corner. Golubev (64) and Durand (65) studied the 
question of the stability of vortex rows. 

Laminar Flow in Viscous Fluids. The analytical theory of 
laminar motion of viscous fluids has been extended, especially 
_ by some British authors. Southwell and Squire (66) and Piercy 
and Winny (67) investigated and extended Oseen’s approximate 
method for solution of the hydrodynamic equations. Thom (68) 
calculated and photographed the flow past circular cylinders for 
comparatively small Reynold’s numbers. 

Turbulence and Turbulent Flow in Pipes. Several experimental 
and theoretical contributions have been made to the fundamental 
problem of turbulent flow. Two summary papers should first 
be mentioned. Tollmien (69) reported on ‘The Present State 
of the Turbulence Problem” at the Berkeley Aeronautics meeting 
of the A.S.M.E.; Prandtl (70) reviewed experimental research 
done at Géttingen and showed that tests on skin friction in 
smooth and in rough pipes check very well with formulas given 
by von Karm4n in 1930. Fage (71) also reviewed existing theo- 
ries of turbulence and compared these with direct observations of 
the velocity fluctuations by means of an optical method. 

The statistical theory of turbulence has been treated by Burgers 
(72), Noether (73), and Tollmien (74). New equations for the 
theory of turbulent flow with parallel mean motion were proposed 
by Mattioli (75). 

The problem of “free turbulence” in the theory of wakes and of 
jets has been treated by Tollmien (76) and Kuethe (77). The 
corresponding problem of jets for laminar flow has been calculated 
by Schlichting (78). Ruden (79) investigated the propagation of 
turbulence in a free jet. 

Ziegler (80) and Mock and Dryden (81) improved apparatus 
and methods for recording turbulent velocity fluctuations; 
Wattendorf and Kuethe (82) applied this technique to the de- 
termination of the turbulence in free air for the first time by 
means of a hot-wire apparatus mounted on an airplane and on an 
airship, and von Kérmdén (83) reported at the Washington meet- 
ing of the American Physical Society on investigations by Wat- 
tendorf (84) on the distribution of velocity fluctuations over the 
cross-sections of straight and of curved channels. Van der 
Hegge Zynen (85) made measurements of the velocity distribution 
in the boundary layer over a grating surface, and Reichardt (86) 
made fluctuation measurements in a straight channel. Kréber 
(87) investigated, theoretically and experimentally, flow through 
vane systems, such as used in wind tunnels, with the object of 
reducing energy losses in curved flow. The stability of laminar 
flow in the so-called Couette case and in the case of flow between 
rotating cylinders has been treated theoretically by Schlichting 
(88). Stability of flow in a curved pipe has been considered by 
Miyagi (89). Nikuradse (90) made some experimental investi- 
gations on the transition phenomena between laminar and tur- 
bulent flow in a boundary layer, and gave also a detailed report 
(91) on his measurements on flow in pipes with rough walls. 
Fette (92) worked on the flow in straight and curved channels in 
the Géttingen rotating laboratory. Nukiyama (93) made photo- 
graphic investigations of the flow of water through tubes, and 
Spalding (94) extended Nippert’s work on loss of flow in curved 
channels. Gibson (95) studied the breakdown of streamline 
motion at the higher critical velocity in pipes of circular cross- 
section. Viscous flow through pipes with cores was reported on 
by Piercy, Hooper, and Winny (96). 

Ship Resistance and Waves. The present state of the problem 
of skin friction is sketched in the report (97) of the Hamburg 
conference dealing with hydromechanical problems of ship pro- 


pulsion. The work contains contributions of Eisner, von Kéar- 
man, Kempf, and Schoenherr, with discussions by several authors. 
Schoenherr (98) in addition checked the von Karman formula for 
skin friction with experiments and gave new contributions to the 
problem of the transition between laminar and turbulent boun- 
dary layers. 

The theory of wave resistance has been summarized by Have- 
lock (99). Wagner (100) gave an account of his previous investi- 
gations on wave resistance with special reference to high-speed 
boats. Burgers (101) studied the excitation of waves in a canal. 
At the Hamburg conference (97), interesting contributions to the 
problem of ship waves and resistance were given by Hogner, 
Weinblum, Wigley, and Barrillon. 

Cavitation. Important contributions of Ackeret, Féttinger, 
Walchner, Martyrer, Lerbs, Weinig, Schmidt, Mueller, Fliigel, 
Schroter, Gutsche, and Springorum are contained in the report. 
(97) of the Hamburg conference. They deal with the causes of 
cavitation and corrosion, with the forces acting on hydrofoils 
under cavitation conditions, and with the influence of cavitation 
on propellers. These papers give an excellent summary of the 
present knowledge of the subject. 

Aerodynamics.’ Schrenk (102) made further measurements on 
the effect of boundary layer suction on the lift of an airfoil. The 
influence of turbulence on maximum lift has been investigated by 
Millikan and Klein (103) and also by Randisi (104). The effect 
of turbulence on the drag of airship models was studied by Hilda 
Lyon (105); important boundary layer flow measurements on a 
model of the Akron were made by Freeman (106). Lock and 
Johansen (107) did work on the drag of pairs of streamline bodies. 
Turbulence was found by Dryden (108) to have an influence on 
the characteristics of cup anemometers. 

Compressible Flow. G.I. Taylor and Maccoll (109) solved the 
equations of compressible flow around a cone and checked their 
calculations by measurements of air pressures on cones moving 
with supersonic velocities. A comparison of their calculations 
with the less accurate but more general ones of von Kdérman and 
Moore show fairly good agreement for small cones. Contribu- 
tions to the study of two-dimensional compressible flow have 
been made by Braun (110) and Poggi (111). Aerodynamical 
properties of airfoils moving with supersonic velocities have been 
measured by Busemann and Walchner (112). Riabouchinsky 
(113) gave an interesting hydraulic analogy for compressible flow. 


58 O. Miyadzu: 
pp. 352-353. 

59 A. Weinstein: Rendiconti, Atti. R. Accademia dei Lincei, 
Rome, vol. VI, no. 17, pp. 83-87. 

60 F. Weinig: Zeit. fir angewandte Mathematik und Mechanik, 
vol. 13, no. 3, June, 1933, pp. 224-235. 

61 T. Theodorsen and I. Garrick: Nat. Advis. Comm. Aero., 
Rept. no. 452. 

62 A. Betz: Ingenieur-Archiv, vol. 3, 1932, no. 5, pp. 454-462. 

63 G. Hamel: Zeit. fir angewandte Mathematik und Mechanik, 
vol. 13, no. 2, April, 1933, pp. 98-101. 

64 V.Golubev: Bull. Académie des Sciences (Akademiya Nauk), 
Leningrad, vol. VII, no. 8, pp. 1103-1108. (In Russian.) 

65 G. Durand: Comptes Rendus Académie des Sciences, vol. 
196, pp. 383-385. 

66 R. V. Southwell and H. B. Squire: Phil. Trans. Royal Soc. 
London, vol. 232, ser. A, pp. 27-64. 

67 N. A. V. Piercy and H. F. Winny: Proc. Royal Soc., vol. 
140, pp. 543-561. 

68 A. Thom: Proc. Royal Soc., vol. 141, pp. 651-658. 

69 W.Tollmien: Trans. A.S.M.E., vol. 55, 1933, APM-55-4. 

70 L. Prandtl: Zeit. V.D.I., 1933, pp. 105-114. 

71 <A. Fage: Jour. Royal Aeronautical Soc., vol. 37, pp. 573-600. 

72 J.M.Burgers: Proc. Koninklijke Akademie van Wetenschap- 
pen, Amsterdam, vol. 36, nos. 3, 4, 5. 


Proc. Imperial Acad. Japan, Tokyo, vol. 8, 


7 Concerning this subject, a few papers of special interest from the 
point of view of fluid mechanics are mentioned. Papers on aerody- 
namics in general are considered by the Aeronautic Division. 
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73 F. Noether: Zeit. fiir angewandte Mathematik und Mechanik, 
vol. 13, no. 2, April, 1933, pp. 115-120. 

74 W.Tollmien: Physics, vol. 4, no. 8, pp. 289-290. 

75 G. D. Mattioli: Comptes Rendus Académie des Sciences, 
vol. 196, pp. 1282-1284; Rendiconti, Atti. R. Accademie dei Lincei, 
Rome, vol. VI, no. 17, pp. 217-223 and 293-299. 

76 W. Tollmien: Ingenieur-Archiv, vol. 4, 1933, pp. 1-15. 

77 A.M. Kuethe: Paper to be published shortly. 

78 H. Schlichting: Zeit. fir angewandte Mathematik und Me- 
chanik, vol. 13, no. 4, Aug., 1933, pp. 260-263. 

79 P.Ruden: Naturwissenschaften, vol. 21, pp. 375-378. 

80 M. Ziegler: Proc. Koninklijke Akademie van Wetenschap- 
pen, Amsterdam, vol. 35, no. 3, pp. 419-426. 

81 W.C. Mock and H. C. Dryden: Nat. Advis. Comm. Aero., 
Rept. no, 448. 

82 F. L. Wattendorf and A. M. Kuethe: 
June, 1934, pp. 153-164. ef. (103). 

83 Th. von Kérman: Paper to be published shortly. 

84 F. L. Wattendorf: Preprinted Papers, 1934 A.S.M.E. Aero- 
nautic-Hydraulic Meeting, Berkeley, Cal. 

85 Van der Hegge Zynen: Proc. Koninklijke Akademie van 
Wetenschappen, Amsterdam, vol. 34, part 2. 

86 H. Reichardt: Zeit. fiir angewandte Mathematik und Me- 
chanik, vol. 13, no. 3, June, 1933, pp. 177-180. 

87 G. Kroéber: Ingenieur-Archiv, vol. 3, no. 5, pp. 516-541; 
translation, Nat. Advis. Comm. Aero., Tech. Mem. 722. 

88 H.Schlichting: Annalen der Physik, vol. 14,no.8, pp. 905-936. 

89 O. Miyagi: Proc. Imperial Acad. Japan, Tokyo, vol. 8, pp. 
352-353. 

90 J. Nikuradse: Zeit. fiir angewandte Mathematik und Me- 
chanik, vol. 13, no. 3, June, 1933, pp. 174-176. 

91 J. Nikuradse: Forschungsheft, beilage zu Forschung auf 
dem Gebiete des Ingenieurwesens, no. 361. 

92 H. Fette: Zeit. fir Technische Physik, vol. 14, no. 7, pp. 257- 
266. 

93 D. Nukiyama: Aeronautical Research Inst., Tokyo Im- 
perial Univ., Rept. no. 90, pp. 233-290. 

94 W.Spalding: Zeit. V.D.J., vol. 77, 1933, pp. 143-148. 

95 A. H. Gibson: Philosophical Mag. and Jour. Science, vol. 
15, pp. 637-647. 

96 N.A.V. Piercy, M.S. Hooper, and H.F. Winny: Philosophi- 
cal Mag. and Jour. Science, vol. 15, pp. 647-676. 

97 ‘‘Hydromechanische Probleme des Schiffsantriebs,’”’ heraus- 
gegeben von Kempf und Foerster, Hamburg. 

98 K. E. Schoenherr: Paper read before Soc. Naval Arch. and 
Mar. Engrs., Nov., 1932. 

99 T.H. Havelock: Proc. Royal Soc., vol. 138, pp. 339-348. 

100 H. Wagner: Jahrbuch der Schiffbautechnische Gesellschaft, vol. 
34, pp. 205-227. 

101 J. M. Burgers: Zeit. fiir angewandte Mathematik und Me- 
chanik, vol. 13, no. 2, Apr., 1933, pp. 67-71. 

102 O.Schrenk: Zeit. fiir angewandte Mathematik und Mechanik, 
vol. 13, no. 3, June, 1933, pp. 180-182. 

103 C. B. Millikan and A. L. Klein: Aircraft Engrg., Aug., 1933. 

104 B. Randisi: L’Aerotecnica, vol. XIII, no. 7, pp. 3-25. 

105 Hilda Lyon: Aeronautical Research Comm., Great Britain, 
Tech. Rept. no. 1511. 

106 H. B. Freeman: Nat. Advis. Comm. Aero., Repts. nos. 430 
and 432. 

107 Lock and Johansen: Aeronautical Research Comm., Great 
Britain, Tech. Rept., no. 1452. 

108 H.C. Dryden: Paper presented at Washington meeting of 
Am. Phys. Soc., April, 1933. 

109 G.I. Taylor and J. W. Maccoll: Proc. Royal Soc., vol. 139, 
pp. 278-311. 

110 G. Braun: Annalen der Physik, vol. 15, 1932, pp. 645-676. 

111 L. Poggi: L’Aerotecnica, vol. XII, pp. 1579-1593. 

112 A. Busemann and O. Walchner: Forschung auf dem Gebiete 
des Ingenieurwesens, vol. 4, no. 2, Mar.-Apr., 1933, pp. 87-92. 

113 D. Riabouchinsky: Comptes Rendus Académie des Sci- 
ences, vol. 195, pp. 998-999. 
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The pressure-temperature relation for saturated steam has been 
the subject of careful investigation both in this country and in 
England during the past year. Osborne, Stimson, Fiock, and 
Ginnings (114) at the United States Bureau of Standards, em- 
ploying the so-called static method in which simultaneous read- 
ings of pressure and temperature of a saturated mixture in a 
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closed bomb — have obtained new and accurate data 
which they present in the form of a table giving values of pressure 
and its derivative with respect to temperature (in various units 
namely: standard atmospheres, centibars, kilograms per square 
centimeter and pounds per square inch) for the range 100 C to 
374 C. They estimate their results to be reliable to +0.03 per 
cent. Egerton and G. S. Callendar (115), in England, have in- 
vestigated the range, 170 C to 374 C, by a dynamic method in 
which simultaneous readings of pressure and temperature are 
taken under conditions of steady flow and at a point in the appa- 
ratus where the steam is known to be saturated. Particular 
attention was paid to the removal of air. The accuracy of their 
final results has been estimated by Jakob (116) to be at least 
+(.07 per cent. Keyes and Smith (117), at the Massachusetts 
Institute of Technology, report an independent redetermination 
of the pressure-temperature relation for use in connection with 
extrapolation of their specific-volume data to the saturation 
curve. Their method was of the static type. Jakob and Fritz 
(118) have published a comparison of the results of these three 
investigations with the previously accepted data of Holborn, 
Henning, and Baumann in which they show that all are in ex- 
cellent agreement. 

The work of Keyes and Smith (117) on specific volumes has 
been mentioned. Their latest measurements were carried out in 
a new nirosta steel bomb and cover the range of isometrics from 
2 to 150 cu cm per g, extending to pressures as high as 350 atm. 
and to temperatures as high as 460 C. Together with earlier 
data (119), these new measurements give a rather complete pic- 
ture of the p-v-t relation for compressed liquid and superheated 
steam. The isometrics for 2, 3, and 4 cc per g lie above the criti- 
cal point in the region where water may be regarded either as 
liquid or as superheated vapor. In order to remove the uncer- 
tainty due to adhesion of water to the surface of the container in 
the measurement of large specific volumes by their present 
method, the authors propose to try an indirect, thermodynamic 
method which they briefly described. Keenan (120) has re- 
ported the recent data of Havli¢ek at the Masaryk Academy of 
Work which include more than seven hundred direct measure- 
ments of the enthalpy of compressed water and superheated steam 
extending from atmospheric pressure to 5600 lb per sq in. and 
from 70 F to 1030 F. Havlitek paid particular attention to the 
region above 374 C, but was unable to verify the contention of the 
late Professor Callendar that a considerable latent heat should be 
found there. Keenan calls attention to the significant progress 
that has been made since 1922 toward agreement on basic data 
for the formulation of steam tables. 

The progress in steam research noted in the preceding para- 
graphs has its most immediate application to those problems in 
power generation arising from the use of water as a heat medium. 
In another field, that of combustion, the thermodynamic proper- 
ties of water also play an important réle. Thus, the specific 
heat of water vapor at high temperatures demands investigation 
on account of the wide discrepancy between the formerly accepted 
values of Pier, Bjerrum, Siegel, and others and the values de- 
duced from theoretical equations based on spectroscopic data. 
Efforts are being made to bring these data into accord by applying 
various corrections. 

R. Planck (121) has made an important contribution to the 
study of viscosity and its relation to other thermodynamic prop- 
erties. For an ideal gas, he finds that the viscosity is a function 
of temperature only. For an actual gas, the viscosity can be 
satisfactorily represented as the product of the ideal gas viscosity 
and a factor depending on volume only. For water, the Mathias 
rule seems to apply, namely: The arithmetical mean of the re- 
ciprocal viscosities of saturated liquid and saturated vapor 
varies linearly with the temperature. On the thermal conduc- 
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tivity of water, new measurements have been reported by Schmidt 
and Sellschopp (122) which extend to 270 C and show an ap- 
proximately parabolic variation with temperature which gives a 
maximum value at about 130 C. H. Eck (123) has published a 
review of existing data on the thermodynamic properties of mer- 
cury that ought to be of value to engineers interested in the mer- 
cury-steam power-generation cycle. The author gives a table 
listing the usual properties of saturated liquid and vapor from 
0.0010 kg per sq em (119.5 C) to 50 kg per sq em (690.9 C). 
Formulas are given for extrapolation into the superheat region. 

Finally, there should be mentioned an excellent article by E. 
Schmidt (124) summarizing the present state of knowledge in the 
field of heat transfer. American workers have been especially 
active in this field because of its fundamental importance to the 
problems of industrial and engineering chemistry. 

114 Osborne, H. F. Stimson, E. Fiock, and D. C. Gin- 


nings: A.S.M.E. Trans., vol. 55, 1933, RP-55-4; Jour. Research, 
U. S. Bur. Standards, vol. 10, 1933, pp. 155-188. 

115 A. Egerton and G. S. Callendar: Phil. Trans. Royal Soc. 
London, vol. 231, ser. A, 1932. 

116 M. Jakob: Zeit. V.D.I., vol. 77, 1933, p. 820. 

117. F. G. Keyes and L. B. Smith: Mechanical Engineering, vol. 
55, 1933, p. 114. 

118 M. Jakob and W. Fritz: Forschung auf dem Gebiete des In- 
genieurwesens, vol. 4, no. 3, May-June, 1933, p. 153. 

119 F. G. Keyes and L. B. Smith: Mechanical Engineering, vol. 
53, 1931, p. 134. 

120 J. H. Keenan: 
172. 

121 R. Planck: Forschung auf dem Gebiete des Ingenieurwesens, 
vol. 4, no. 1, Jan.-Feb., 1933, pp. 1-7. 

122 E. Schmidt and W. Sellschopp: Forschung auf dem Gebiete 
des Ingenieurwesens, vol. 3, no. 6, Nov.-Dec., 1932, pp. 277-286. 

123. H. Eck: Forschung auf dem Gebiete des Ingenieurwesens, vol. 
4, no. 1, Jan.-Feb., 1933, pp. 21-25. 

124 E.Schmidt: Zeit. V.D.I., vol. 76, 1932, p. 1025. 
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“xperiments on Buckling of 
Thin- Wall Construction 


By F. J. BRIDGET,? C. C. JEROME,’ ano A. B. VOSSELLER,* PASADENA, CALIF. 


The first section of this paper describes a series of tests 
of the strength of thin-walled cylinders under a combina- 
tion of torsion and axial compression or tension. Curves 
are obtained showing the strength of each of the several 
types of cylinders tested, under all possible combinations 
of these loads. All the curves obtained seem to have the 
same general form and the results suggest the possibility 
of finding a simple law by means of which a designer could 
determine the buckling strength of a structure under any 
combination of shear and normal stress, if he knows its 
strength under pure shear and under pure compressive 
stress. 

The second section describes tests made to investigate 
the independence of different possible types of buckling 
of a structure. A set of L-section struts, identical except 
for the widths of the sides, were tested in compression. 
With small widths the struts buckle as Euler columns 
but with the wider widths buckling of the sides, as plates 
hinged on three edges, occurs first. Great care was taken 
to eliminate the effect of initial eccentricities. The 
results check the well-known theories for these two types 
of buckling and indicate that, for practical purposes, the 
two types can be considered independently of each other. 
The results also illustrate how enormously the strength- 
weight ratio of thin wall construction may be affected by 
details of design. 


I—STRENGTH TESTS ON THIN-WALLED CYLINDERS 


HE stresses produced by the loads in the skin of monocoque 
construction are usually combinations of compression or 
tension in one direction, with shear in the same and per- 
pendicular directions. Much theoretical and experimental in- 
formation is available to the designer on the behavior of thin 
sheets under compression or tension alone, or under shear alone, 
but nothing seems to be known about their behavior under com- 
binations of these stresses. 
The general nature of the behavior of thin sheet construction 
under such combination loadings can be predicted by some very 


1 The tests described in this paper were made at the Guggenheim 
Aeronautical Laboratory of the California Institute of Technology. 
The authors have been assigned to the Institute by the Navy De- 
partment for graduate work in aeronautics, and this work represents 
part of the requirements for the Master’s Degree. The first section 
is by Lieutenant Bridget and the second by Lieutenants Jerome and 
Vosseller. The authors wish to thank Dr. Th. von K4rmin, director 
of the Guggenheim Laboratory of the Institute, for the opportunity 
for making these researches. The researches were suggested by and 
carried out under the direction of Dr. L. H. Donnell. Acknowledg- 
ment is also due to L. Secretan, who cooperated in the first research, 
also to Dr. A. L. Klein and E. E. Sechler (all of the staff of the 
Institute) for numerous helpful suggestions. 

2 Lieutenant, U.S. Navy. F. J. Bridget was graduated from U. 8. 
Naval Academy in 1921 and served seven years on sea duty in the fleet 
with gunnery duties. Hecompleted flight training in 1929 at Pensacola, 
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ton in 1929 and 1930, and on inspection duty of naval aircraft in 1931. 
He attended Post Graduate School, U.S. Naval Academy in 1932, 
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stitute of Technology for postgraduate work in Aeronautical En- 
gineering. 


simple reasoning. Let o and r be the normal and shear stresses 
produced in the wall, and a» and ro the values of these stresses 
when failure occurs under pure axial compression or tension, 
and under pure torsion, respectively. Then by plotting o/oo 
against r/ro a curve is obtained, passing through the points 
0-1 and 1-0, and showing how failure occurs under all possible 
combinations of these two types of stresses. This curve ob- 
viously must be symmetrical about the o/c» axis, as a change in 
the sign of the shear (for a symmetrical structure) can make no 
difference. Hence the curve must be perpendicular to the o/ao 
axis where it crosses it, as it is certainly continuous at this point. 
On the other hand the curve will not be symmetrical about the 
t/t axis, but must cross it at some angle as shown in Fig. 1(a), 


\ 
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as compression will obviously decrease and tension increase the 
shear which the structure can take before buckling. This im- 
mediately suggests some kind of parabolic or power relation as 
in Fig. 1(b), with an equation: 


1 — = 


where n is greater than 1. Of course n should be an even number 
to satisfy the condition of symmetry about the o/0 axis, but this 
relation can be used as an empirical formula with any value 
greater than 1 for n, provided 1/7» is always considered positive. 


3 First Lieutenant, U.S. Marine Corps. C.C. Jerome was graduated 
from U. S. Naval Academy in 1922 and was with various Marine 
Infantry units from 1922 to 1924. He served on aviation duty with 
the Marine Aviation in United States, China, Phillipines, Guam, 
and Nicaragua, from 1924 to 1932. He was assigned to duty at the 
California Institute of Technology for postgraduate work in Aero- 
nautical Engineering in 1933. 

4 Lieutenant, U.S. Navy. A.B. Vosseller was graduated from U. 8. 
Naval Academy in 1924 and served in various ships of the fleet and 
on the staffs of Commander Battleships and Commander Destroyers, 
Battle Force, until assignment to aviation duty in 1930. Upon 
completion of flight training he served in the fighting squadron 
attached to the U.S. S. Lexington. He attended Post Graduate 
School U. S. Naval Academy in 1932, and upon completion was 
assigned to duty at the California Institute of Technology for post- 
graduate work in Aeronautical Engineering. 

Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., December 4 to 8, 1933, of 
Tue AMERICAN Society oF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the Society. 
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This reasoning is perfectly general, applying to the stability of 
any type of symmetrical structure. 

To get some experimental information on this subject, several 
series of similar thin-walled cylinders have been tested to failure 
under various combinations of torsion and axial compression or 
tension. In the most complete of these series (Series G), about 
forty cylinders made as nearly identical as possible, were tested. 
Fig. 2 shows for this series, the experimental values obtained 
for ¢/oo and r/ro plotted against each other. It obviously makes 
no difference whether o, 7, oo, 7o are defined as above, or if o 
and 7 are taken to mean the total axial load and torsional moment 
and oo and ro the values of these loads when failure occurs under 
pure axial compression or tension and under pure torsion, re- 
spectively. It seemed to make no difference in what order the 
loads were applied; that is, whether a fixed amount of torsion 
was applied first and the axial load increased until failure oc- 
curred, or vice versa. 

The full line in Fig. 2 is a cubic parabola, which is the curve 
given by Equation 1 when n equals 3. This curve seems to fit 
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g 
(Experimental a* = curve for ‘‘G’’-type cylinders.) 
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viously represents stress combinations for which some porti 
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the points reasonably well. More definite information as to the 
nature of the relation given by these experiments is obtained by 
plotting 1 — o/oo against r/ro on double logarithmic paper, as 
has been done in Fig. 3 for Series G. It will be seen that the ex- 
perimental points lie close to a straight line, which proves the 
validity of Equation 1 as an empirical formula for this case. 
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(Experimental = - = results for all series of cylinders tested.) 


The slope of this straight line gives the value of n which, when 

substituted in Equation 1 will give the best empirical relation to 

fit these experiments. A determination of this slope by eye or 
_ the method of least squares gives a value of about 3.3 for n. 

The lower portion of the curve in Fig. 2, shown dotted, ob- 
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of the cylinder has reached the elastic limit. The lowest point 
on the curve represents a pure tension test. Most practical 
applications do not fall within this region and no particular 
study has been made of this portion of the curve. Designers 
will realize, of course, that the relation given by Equation 1 
can hold only when the principal stresses as given by elementary 
mechanics are within the elastic limit, or, according to the maxi- 
mum shear theory, when the algebraic difference between these 
principal stresses is less than the elastic limit stress. 

Six other less complete series of tests have been made, each 
series on a radically different type of cylinder. These tests 
were made with torsion and axial compression only, and with a 
much smaller number of cylinders. The results are shown in 
Fig. 4. Fig. 5(a to f) shows the results plotted on double loga- 
rithmic paper for series A to F, inclusive. 


APM-56-6 571 

He indicates that the results from such small-scale tests com- 
pare quite favorably with tests on a larger scale but it is neces- 
sary to use great care in selecting stock and in making the speci- 
mens, in order to reduce experimental scatter to a minimum. 
In spite of this care it is impossible to avoid considerable scatter, 
especially when the load is mainly compression. Much of this 
is due probably to the fact that it is impossible to obtain such 
thin stock entirely without initial waviness. 

The thickness of the sheet was measured in the thickness 
tester shown in Fig. 14(a).6 The modulus of elasticity, EZ, was 
obtained with the special testing machine and tensometer shown 
in Fig. 15(a).6 The proportional limit stress op was found at 
the same time, for purposes of record. The sheets were rolled 
around rods of the proper diameter to give them the correct cur- 


These results are similar to those from the 


group of tests described above. The 


value of n appears to be different for 10 


each type of cylinder, the values obtained 
ranging from about 1.0 to 4.25 and ap- ; 


SERIES A 


SERIES B 5 SERIES C 


: 
parently indicating that n is a function = TA | bd 
of the dimensions or material of the cyl- 


inder. Some of the sets of results, when / 


plotted on logarithmic paper, do not 


seem to give a straight line, apparently 4 


indicating that Equation 1 is not exactly HA I 


suitable as an empirical relation for 1.0 
these cases. However, the number of 


ar 


points is so few and the unavoidable ; 
L 


experimental scatter so great, that noth- 


ing definite can be said on any of these 40 f 
questions. The results do indicate, how- / 
ever, that the general empirical relation 
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given by Equation 1 covers all these i-£ 7 
tests and hence probably all thin-walled ’ 


cylinders, and possibly all thin-walled / 


structures of any kind, sufficiently well 


for practical purposes. If n is taken as 3 


as was done in plotting the solid curve 


in Fig. 4, the deviation between the 
empirical law and the experimental re- 
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sults is not large compared to the gen- 
eral scatter of the points for any of the 
types of cylinders tested. It therefore 
seems safe to say that designers can use the relation given by 
Equation 1 with n equal to 3 for designing cylinders, with con- 
siderable confidence until better information is available. 

Obviously this is only a small part of the research which should 
be done in this connection. It is planned to continue this work 
at the California Institute of Technology and it is hoped that this 
paper will stimulate other research organizations to enter this 
field. Some tests have already been started here on long square 
tubes under axial load and torsion. These give approximately 
the condition of flat hinged-edge panels under normal and shear 
stresses. The initial results are similar to those previously de- 
scribed. As already stated, there has been little investigation in 
this field up to the present time and it is felt that further work 
will result in information of great value to designers of stressed 
skin structures. 

All of the tests were made on small-scale models of steel and 
brass “shim stock.” They were made by a technique and tested 
on special testing machines developed by Dr. L. H. Donnell. 
These have been described by him in a previous paper® and 
the Fig. numbers mentioned in the following paragraph refer to 
Dr. Donnell’s paper. 

5 N.A.C.A. Report No. 479. 
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vature. They were then wrapped around a wooden roll, of the 
diameter of the finished cylinder, which had previously been 
oiled to permit removal of the cylinder after soldering. The 
sheet was held against the roll with a metal strap, while a special 
clamp was used to prevent the edges from warping under the 
heat of soldering. The edges were soldered with about !/;-in. 
overlap. It has been found that buckling waves seem to form 
across the joints as freely as elsewhere, so the effect of the double 
thickness at the joint is probably very small. After removal, 
the cylinders were soldered at each end to rings which fitted 
inside them, and the cylinder and ring were soldered to heavy 
base plates with which they were mounted in the testing machine. 
The shortening of the effective length of the cylinders due to 
the rings is allowed for in the following table. The cylinders 


TABLE 1 PROPERTIES OF CYLINDERS IN SERIES TESTED 
Series Mat. Length Diam. Thick, op X10-% 
A steel 5.315 1.88 0.00204 31.4 57.7 
B brass 5.315 1.88 0.0032 16.5 27.0 
C steel 5.315 3.75 0.00295 30.6 48.6 
D _ steel 11.315 1.88 0.00204 27.06 53.3 
E steel 5.315 1.88 0.00295 30.6 48.6 
F steel 1.32 0.00204 31.4 57.7 
G sateel 5.315 0.00395 29.6 36.0 
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Fig. 10 Compression-Torsion BuckuInG, ‘‘F’’ Serres» wa] Fic. 11 Buckiine, Serres 
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were tested in the special testing machine shown in Fig. 6(a).® 
This testing machine is capable of testing specimens in any com- 
bination of torsion, bending, and axial compression or tension. 
Figs. 6 to 10, inclusive, of the present paper show typical failures 
under combined compression and torsion, while Fig. 11 shows a 
typical failure under combined tension and torsion with the 


TABLE 2 


Series A 
0 20 40 60 80 100 120 170 172 230 192 218 231 
r Ib in. 55 2 49 47 40 39 36 30 20 10 0 0 0 
Series B 
20 45 90 110 120 150 175 190 230 250 
Tb in. 70 64 50 64 48 60 56 54 30 0 
Series C 
o lb 0 0 100 150 155 170 200 200 220 230 250 279 
7 Ib in. 217. 2402s 96 70 100 72 
Series D 
0 40 97 100 100 120 125 130 «#150 151 
rib in, 36 34 23 12 16 24 0 0 0 11 10 
: Series E 
o lb 0 0 100 100 200 200 200 300 300 420 430 455 470 490 
7 Ib in 106 =—:110 96 100 68 78 90 64 68 20 20 10 10 0 
Series F 
0 25 50 75 100 132 
Ib in. 160 170 128 130 96 
Series 
o lb —980 —800 —800 —700 —600 —500 —500 —400 —400 —300 —300 —200 —200 
7 Ib in. 0 166 200 220 248 224 220 234 «215 218 222 210 204 ~&# 210 
@lb —100 —100 0 0 0 0 100 100 200 200 300 380 400 500 
lb in 206 216 178 «#4196 186 184 172 4180 166 «©2144 «24150 124 0 
500 500 540 595 613 610 660 
132 140 40 0 0 0 


7 ib in. 


1 Minus values for ¢ indicate tension. 


tension cage attached. Fig. 12 shows the cylinders of Series G 
after testing. Table 1 shows the properties of the cylinders in 
each of the series tested. The values given for n are the slopes 
of the straight lines in the logarithmic plots, Figs. 3 and 5(a to f) 
previously discussed. 

Table 2 shows the ultimate axial loads ¢, and torsion moments 
7, for each of the cylinders tested. The values used for oo and 
to, in plotting Figs. 2 to 5, were the averages of the values of ¢ 
and + found in the pure compression and pure torsion tests. The 
values chosen for oo and ro have considerable influence on the 
value found for n and it is probable that part of the variation in 
the values of n, found for different types of cylinders, is due to the 
inaccuracy of these values. In conducting this type of research 
it is important to make numerous pure compression and pure 
torsion tests (especially pure compression, because the scatter 
is much worse here than for torsion), in order to get a good aver- 
age value for a) and ro. In future research it is planned to make 
even more of such tests than have been made. 


II—INVESTIGATION OF INDEPENDENCE OF DIFFERENT 
TYPES OF BUCKLING IN L-SECTION STRUTS 


The stiffener shapes used in monocoque, or for that matter 
any other kind of aeronautical construction, are of many different 


EXPERIMENTAL RESULTS USED IN PLOTTING CURVES 


COMPRESSION DECREASING 
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shapes and sizes. They are, however, usually made up of sheet 
material, formed into a great variety of shapes. They are, ac- 
cordingly, subject to local wrinkling or buckling of the sheet 
under load.* Stiffeners of such shapes are ordinarily constructed 
and installed in lengths which are large in comparison to the cross- 
section, so that the sections are also liable to failure as long slen- 


der columns, that is as so-called “Euler columns.” The stiffener 
thus has the possibility of buckling in two entirely different 
manners: (1) as a Euler column, or (2) from local instability 
of the sheet of which it is composed. The question then arises 
as to whether these different types of buckling can be considered 
entirely independently of each other or if there is a transition 
stage between them in which a combination buckling can take 
place at a lower loading than for either alone. It was to find an 
answer to this question, both for this case and for other cases of 
structures which can buckle in two or more independent ways, 
that this investigation was undertaken. 

The tests were made with struts of equal-leg “L’’ section, 
identical except for the widths of the sides. When the widths 
are small compared to the length such struts buckle as Euler 
columns, but for wide widths buckling of the sides occurs first. 

The greatest importance is attached to an accurate knowledge 
of the end fixity for column buckling and of the edge fixity for 
sheet buckling. This type of specimen allowed all these condi- 
tions to be determined accurately. A column of this shape may 
be considered to be made up of two flat plates hinged along their 


6 This type of buckling was considered by G. W. Trayer and H. W. 
March in N.A.C.A. Technical Report 382. 
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common edges with the other edges free, since they can obviously 
buckle in such a way that the angle between the sides at the cor- 
ner will remain the same, and thus there will be no moments at 
these edges.’ To obtain definite end conditions for the flat 
plate buckling, each side of the angle section was chamfered 
along its complete width at the ends to an angle of 60 degrees 
(see Fig. 13) insuring hinged edge conditions. The end blocks 
for supporting the specimen each had two 120 degree ““V” grooves 
cut on one surface, the grooves intersecting at an angle of 90 


Fic. 13 Enp Buiocks SHowING SEAT GROOVE AND ADJUSTMENTS 
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degrees, to receive the ends of the specimens. In order to obtain 
definite end conditions for Euler buckling, a °/s-in. hardened- 
steel ball was inserted in these end blocks, making the struts 
“ball ended” columns, hinged, in effect, about the center of the 
balls. The struts were thus free to buckle in any direction but 
of course actually buckled about the axis of minimum moment 
of inertia of the section (perpendicular to the axis of sym- 
metry). 

As stated above, for small widths the struts buckle as Euler 
columns. The theory for this type of buckling is well known. 
It was developed by considering the bending of a column under 
compression as a whole and consequently does not take into ac- 
count the possibility of plate buckling nor stresses above the 
yield point of the material. The equation expressing Euler’s 
theory for hinged end columns is® 


= critical buckling stress 
modulus of elasticity of the material 
length of column 
radius of gyration of the cross-section of column. 
7L. H. Donnell, ‘‘The Problem of Elastic Stability,’’ A.S.M.E. 
Trans., (1933), AER-55-19a. 
8 J. E. Boyd, ‘Strength of Materials,” McGraw-Hill Book Co., p. 
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This theory has been checked very closely by von Kaérmdn® who 
originated the general method of varying end conditions to counter- 
act initial crookedness which was used in these experiments. 

For wide widths the sides buckle as flat plates. This type of 
failure has been neglected to a certain extent by engineers, as it 
is of more or less infrequent occurrence in general construction, 
where the plates used are usually thick in comparison to length 
and width. The stability of rectangular thin flat sheets under 
compression has been analyzed by Bryan for plates hinged on 
all four sides and by Timoshenko” for other cases. The general 
expression for the uniformly distributed stress on the ends which 


will cause buckling of the plate is? 


w 


where 
thickness of the plate 
width of the plate 

k a constant, depending upon the ratio of the length 
to the width and upon the edge conditions. 


Values of k for use with the above formula can be obtained from 
Fig. 7 of reference 7. In our case, sheets hinged on three sides 
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__ and free on the fourth, k, for the proportions used in the tests is 


_ practically independent of the length-width ratio and equals 0.4. 

If all dimensions except the width are fixed, these two theories, 
for Euler and flat plate buckling give two relations between ¢. 
and the width. These relations have been plotted in Fig. 14. 
It will be seen that the two curves form an inverted “V.” Ob- 


*Th. von K4rmén, “Mitteilungen tiber Forschungsarbeiten,”’ 
Verein deutscher Ingenieure, Berlin, 1909. 

10 S$, Timoshenko, “Strength of Materials,” 
New York, part II, p. 604. 


John Wiley & Sons 


“ 
3 ‘ 
| 
| 
1500 
|| 
- 
1000 
a 


viously for widths up to the intersection of the two curves, the 
strut should theoretically fail as a Euler column, while for wider 
widths the strut should fail by buckling of the sides. The weight- 
strength ratio is, of course, proportional to o- and this figure 
shows that the maximum weight-strength ratio for this case is 
obtained for a width of 0.77 in. while for widths above or below 
this the ratio drops off greatly. 

Nineteen satisfactory specimens were finally obtained, identi- 
cal except for width, and all as free from initial eccentricities as 
is believed possible without an expenditure greatly out of propor- 
tion to the benefits to be obtained by the added refinement. 

General experience is that in any buckling experiments it is 
impossible to make specimens sufficiently accurate to eliminate 
eccentricities entirely, and accordingly special precautions were 
taken to provide a means of eliminating initial eccentricities for 
Euler buckling. This was done by providing an adjustment in 
the end blocks whereby the ball could be moved relative to the 
axis. about which buckling takes place. The horizontal relation 
between the center of the ball and the specimen could be varied 
along the axis of the greatest moment of inertia of the specimen 
so that the effect of initial eccentricities could be removed (see 
“Method of Testing’’ of this section for a more complete de- 
scription of the apparatus). In this way very sharp buckling 
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was obtained for Euler columns, as will be seen from Fig. 14. 
With these methods of construction the conditions of fixity then 
became known: For each plate-hinged at one side and at both 
ends; for the specimen as a Euler column-hinged at both ends. 
The specimens were made of such proportions that the buckling 
stresses were always far below the yield point of the material 
thereby eliminating any question of the failure of the material. 

The effect of initial eccentricities upon the flat plate buckling 
was compensated for by use of a method developed by South- 


-4 
well.!!. This is a mathematical method of finding the probable 
buckling strength, which a structure would have if it had no ini- 
tial eccentricities, from measurements of small deflections. 
It is based upon the fact that in this region the load deflection 
curve approximates a rectangular hyperbola having the axis of 
zero deflection as one asymptote and the theoretical load de- 
flection curve for no initial eccentricities as the other asymptote. 
(See “Method of Testing” of this section for a more complete 
description of the manner of use of this method.) 
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Plates supported on three sides and free on the fourth buckle 
in one half wave in the lengthwise direction. In our case this 
amounted to a twisting of the middle portion of the strut about a 
longitudinal axis which was readily measured by the use of long 
light metal pointers attached to the sides of the specimen. 

Fig. 15 shows the critical loads for the cases in which plate 
buckling occurred as recorded from the tests without the use of 
Southwell’s method. It will be seen that the experimental scat- 
ter was quite large and most of the points are above the theo- 
retical curve. Several reasons can be advanced for this. In 
these cases, when the ultimate buckling strength was obtained, 
the deflections were very large. The theory is based on the as- 
sumption of very small deflections and it is possible that a theory 
of large deflections would show greater values. But a more 
probable explanation of this discrepancy is that when the de- 
flections became large it was no longer possible to keep the stress 
distribution uniform along the width of the sides. 

By concentrating the stress at or near the corner of the angle 
of the specimen, the load can be carried far above the theoretical 
load for uniform stress distribution, due to the fact that the 
hinged edge is very much more stable than the free edge. By 
using Southwell’s method based on deflection readings taken 
when the deflections were still small, experimental results are 
obtained which can justly be compared to the theory based on 


1 R. V. Southwell, “On the Analysis of Experimental Observa- 
tions in Problems of Elastic Stability,’’ Proc. Roy. Soc., A, vol. 135, 
1932. 
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no initial curvatures and uniform stress distribution. The ulti- 


A mate buckling loads without the use of Southwell’s method were 


not critical and were largely a matter of judgment, it being pos- 
sible to run the load up almost indefinitely if the end blocks were 
adjusted purposely to shift the stress toward the corners of the 
angle. Fig. 14 shows the critical buckling load of the specimens 
computed by Southwell’s method from the last set of data re- 
ferred to above. The scatter is greatly diminished and all points 
fall on or very close to the theoretical curve. The authors place 

great deal more confidence in this method of obtaining the 
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critical buckling stress than in relying simply on judgment, where 
it is probable that no two persons would agree exactly. 

It is believed that the discrepancies occurring between the 
theoretical curve and the points obtained experimentally are well 
within the limits of experimental accuracy and that the results 
obtained therefore check the theory for Euler and flat plate 
buckling under the existing conditions. 

It would appear from Fig. 14 that a very small fillet may exist 
in the experimental points near the apex of the inverted “V” 
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Fic. 19 Generat View oF 
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of the theoretical curves. The authors believe, however, that 
the apparent fillet may be merely a coincidence due to the experi- 
mental scatter and the difficulty of overcoming initial eecen- 
tricity, and hence obtaining a clear-cut type of failure in this 
region. It is believed to be established that any relation which 
does exist between Euler and flat plate buckling has a very small 
effect and exists only in the immediate vicinity of the inter- 
section of the two theoretical curves for the two types of buckling. 
It is felt that the results of this test establish the optimum 
dimensions for such a shape and that the engineer can design 
with confidence to the stress indicated by the intersection of the 
two curves provided a reasonable factor of safety is included. 


Metuop or TESTING 


The tests were made on a Riehle Brothers testing machine of 
3000 pounds load capacity. The machine was of the tension 
type, converted for compression tests by means of the cage shown 


HOWING 


‘in the accompanying photographs of the apparatus, Figs. 17, 18, 
and 19. 

The specimens tested were all 22 in. in length and the width 
of the sides varied from 0.405 in. to 2.025 in. They were made of 
24SRT aluminum alloy of 0.025 in. thickness, as this material 
and gage is being used to a large extent by the aircraft industry 
on the West Coast. The width of the side was taken as the 
overall width minus half the thickness of the sheet. 

These specimens were made in an ordinary hand brake. It 
was necessary to adjust the brake for each width of specimen to 
get a bend of exactly 90 deg and a uniform radius at the corner. 
This radius was made as small as the material would stand, about 
1/14 in. The narrower specimens were liable to come out with 
considerable initial curvature, due to deflection of the brake, 
the peening of the material along the sheared edges, etc. It 
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was found possible to eliminate most of this by properly padding 
the brake with strips of paper. 

Tests by the Bureau of Standards for the National Advisory 
Committee for Aeronautics on duralumin sheet? show a marked 
difference in the stress-strain curve taken normal or parallel to 
the direction of rolling. The authors felt that due to the shape 
of the sheet found in commercial practise, most long angle shapes 
would be made with the angle parallel to the direction of rolling, 
and consequently the specimens were made in this manner. 

Specially constructed end blocks, identical for both ends of 
specimen, definitely established the desired end conditions. A 
sketch of the end block is shown in Fig. 13. The block A was 
machined on the upper side with 120 degree ‘‘V”’ grooves which 
made an angle of exactly 90 deg with each other. These grooves 
received the ends of the specimens which had been filed to an 
angle of 60 deg. In filing the ends great care was taken not to 
file away any of the center line. 

A key and keyway between A and B allowed a movement of 

1, and hence the end of the specimen, relative to EZ, the point of 
application of the load. This movement could be made under 


load by means of the wing nuts C. The motion between A and B © 


was such that HE always moved along the axis of symmetry of 
the specimen. This insured an equal stress distribution on each 
leg and left the specimen free to buckle as a Euler column about 
the axis of least moment of inertia, which is perpendicular to the 
axis of symmetry. 

To detect Euler failure of the specimen, an Ames dial gage 
was used, with counterbalancing spring removed. A small metal 
strip was attached to the gage point, which made point con- 
tact with the back of the angle at the middle of the length of the 
specimen. The gage was also mounted with the slide making 
point contact at the inside of the angle and results were the same 
as for the previous position. Both methods of attachment are 
shown in the accompanying photographs of the apparatus. 
The authors feel that in either position some slight rigidity was 


given to the specimen but that the results were not aiieindiy 


in error to warrant setting up an optical system for this measure- 
ment. 

To detect flat plate buckling, thin metal strips about ten 
inches long were attached to the free edges with paper clips as 
shown in Figs. 18 and 19. These pointers magnified the move- 
ment of the free edges. 

For each test, the end blocks were set so that the axis of the 
least moment of inertia of the specimen was in a vertical plane 
with the point of contact of the ball, D, and the base plates of 
the cage. The specimen and end blocks were then mounted in 
the testing machine, a light load applied, and the measuring de- 
vices, Ames gage and pointers, were put in place. Both mea- 
suring devices were read as small increments of load were applied. 
Due to initial eccentricities or curvatures, it was found that the 
Ames gage would show a deflection of the column at compara- 
tively low loads. By adjusting the wing nuts, C, so as to remove 
the apparent eccentricity a greater load could be applied without 
obtaining a deflection. 


umn would not stand a greater load without buckling. The 


loads at which Euler buckling occurred were for the most part — 


very critical as the dial gage remained perfectly steady and 
then for one pound increase in load would show a very large de- 
flection. The pointers, indicating plate buckling, remained 
practically steady during the test of a specimen which failed as 
a Euler column. 


Where wider widths were used and flat plate buckling occurred | 


before Euler buckling, the actual measured results were not so 


12 E. E. Lundquist, ‘‘The Compressive Strength of Duralumin 
Columns of Equal Angle Section,’”’ N.A.C.A. Technical Note 413, 
1932. 


This was repeated until finally the col-— 
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significant, as there was no definite point at which this buckling 
occurred, due to initial eccentricities. Ranges were found for 
each specimen where, with the proper end adjustment, there was 


TABLE 3_ TYPICAL DATA TAKEN FOR eee ee OF 
CRITICAL LOAD BY SOUTHWELL’S METHO 


a™ Load Deflection 
67 0 
70 0.2 0.00286 
72 0.5 0.00695 
74 0.7 0.0094 
Specimen No. 17 {76 1.0 0.01315 
| 78 1.3 0.0167 
80 1.8 0.0225 
82 2.4 :0293 
3.0 0.0357 
0 0 
0.2 0.00323 
0.0047 
0.3 0.00455 
0.4 0.00588 
0.4 0.00571 
0.4 0.00555 
0.5 0.00675 
| 
Specimen No. 12 | 80 0.7 0.00875 
82 0.8 0.00975 
84 0.9 0.01072 
| 86 1.0 0.01165 _ 
1.1 0.0125 
90 1.2 0.01335 
92 0.0163 
94 1.8 0.0192 
96 2.5 0.0261 
98 6.5 0.0664 
80 0 
85 0 
Specimen No. 11 10. 2'0 01905 
11 5.0 0.0455 
| 11 6.0 0.0541 
(11: 8.5 0.0758 
90 0.00111 
gs 0.12 0.001264 
100 
105 0.14 0.001333 
0.17 0.001545 
AS 0.22 0.001913 
_ 118 0.25 0.00212 
Specimen No. 1 74 0.6 : 0.00812 
83 1.0 — 0.0121 
90 1.4 0.0157 
95.5 1.8 0.0189 
100.5 2.2 - 0.022 
104.3 2.6 0.0249 
108.5 3.0 0.0277 
111.5 3.4 0.0305 
113.7 3.8 0.0334 


no Euler deflection, but where the edges showed considerable 
deflection with increase in load. These deflections were mea- 
sured by the pointers and were used to compute the critical load 
by Southwell’s method. 


TABLE 4 VALUES OF LOAD, WIDTH, AND ec FOR EACH 


SPECIMEN 
Specimen Load, 
No. P Width ee = 
1 147.3 1.0255 2875 
102 0.6475 3145 
3 65 20255 641 
4 148 0.767 3860 
5 73 0.6000 2435 
6 82 0.545 1907 
7 (130 0.7175 3620 
8 159 0.8455 3760 
9 138.1 0.9735 2840 
10 129.5 1.0355 2500 
11 1.1595 1955 
12 10455 1.2855 1625 
13 83.8 1.5385 1090 
14 23 0.4050 1135 
15 112 1.0825 2075 
.4 2 
19 156 0.8041 3880 


The use of this method consisted first of tabulating the de- 
flections, 5, against the loads, P, which caused them, and 
from this tabulation obtaining 6/P. Then 6 was plotted against 
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6/P on ordinary cross-section paper and the slope of a straight 
line faired through the points so obtained was measured. 
Southwell proves that this slope is equal to the critical load at 
which buckling would theoretically take place if there were no 
initial curvatures or eccentricities. Table 3 gives the values for 
6 and P obtained for five typical runs. For specimen No. 9 the 
method was applied with two sets of deflections, one covering a 
range of loadings from 60 to 120 pounds and the other from 120 
to 136 pounds; the resulting P from each was very nearly the 
same. Fig. 16 shows the method of plotting these values for 
specimen No. 12, which was typical for all of them. Table 4 
shows the load, width, and o- for each specimen. 


Discussion 


A. V. Karpov.'® The advantages of monocoque aeroplane 
constructions created a considerable demand for data that could 
be directly applied in the design. The stability of such struc- 
tures, as a whole, and of the individual members are the limiting 
factors that are of particular interest to designers. Recently a 
considerable amount of experimental work was done and data 
collected, which can be and is applied to solve a number of press- 


_ ing design problems in connection with such structures. 


So far as the development of theories underlying such designs 
are concerned, a very opportunistic point of view is generally 
taken. 

If the developed theory does not directly contradict the re- 
sults of tests, it is considered satisfactory. Stating it frankly, 
none of the stability theories developed in connection with 
monocoque designs is satisfactory and these theories can be 
considered as rough approximations only. 

The paper is a valuable addition to the available experimental 
data but so far as the theory is concerned no addition is made 
to our present and very insufficient knowledge. 

It would seem that the main efforts should be directed toward 
development of a more satisfactory theory. That, in all proba- 


bility, could be done by developing a line of attack that is radi- 


cally different from the ones used in the past. 

The development of such a theory would make possible a better 
correlation of data of the numerous tests and provide a more 
scientific basis for future designs. 


E. E. Lunpquist.'* The authors are to be congratulated upon 
their paper and the timely contribution to the knowledge of the 
strength of thin-metal structures. However, there is one point 


& raised in the paper that ought to be amplified somewhat. 


Toward the close of section I the authors make the following 
statements: ‘The values chosen for oo and ro have considerable 
influence on the value found for n, and it is probable that part of 
the variation in the values of n, found for different types of cyl- 


_ inders, is due to the inaccuracy of these values. In making this 


_ cause the scatter is much worse here than for torsion), in order 
to get a good average value for oo and 7».’ 


type of research it is important to make numerous pure com- 
pression and pure torsion tests (especially pure compression, be- 


From this quotation it will be noted that n probably varies 


___ with the imperfections of the cylinders as these imperfections 


| 


affect o) and 7») as well aso and. It therefore seems desirable 
to discuss the probable effects of imperfections upon the value of 
n. 

In the course of an extensive series of tests on thin-walled 
cylinders made by the National Advisory Committee for Aero- 
nautics at Langley Field, Virginia, it was found that the acci- 


13 Designing Engineer, Aluminum Company of America, Pitts- 


burgh, Pa. 


14 Junior Civil Engineer, Langley Field, Va. 
Maw 
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dental imperfections that occur in the cylinders do not affect 
greatly the strength in torsion, ro. This fact has also been con- 
firmed by tests made at the California Institute of Technology 
and elsewhere.!5:16 

In these same tests at Langley Field it was found that the im- 
perfections caused a very wide scattering of the strength in com- 
pression, oo. This fact was also confirmed by tests made at the 
California Institute of Technology, the University of Illinois, and 
abroad.!” 


Strength in Torsion 
FIG. 20 
1.0 


0 | it 

0 O02 04 06 08 10 

FIG.22 


Strength in Compression 
Strength in Compression 


0.8 


§ 0.6 


| 


2 


02 


0 
0 02 04 06 08 1.0 
Ts 


0.2 


0 


0 O02 04 06 0.8 1.0 


For the purpose of discussion let us assume that it is possible 
to construct and test perfect cylinders of identical dimensions. 
For these cylinders let us plot as abscissa the strength in torsion 
and as ordinate the strength in compression. Suppose, further, 
that it is found that the strength in combined compression and 
torsion is given by curve a in Fig. 20. Actually, it might be 
found that the true curve would be more like a’ in Fig. 21, but for 
the purpose of discussion it is immaterial which curve is assumed. 

Now, suppose that it is possible to control the imperfections. 
For a given degree of imperfection it is not likely that the new 
experimental curve would depart greatly from curve a near the 
torsion axis, but it is likely that the new curve will depart greatly 
from curve a near the compression axis. For a given degree of 
imperfection, we might, therefore, find the strength to be given 
by curve b, c, or d. Thus, such a Fig. as 20 or 21 shows clearly 
how imperfections affect the strength of cylinders in combined 
compression and torsion. 

Now, plotting o/o against +/7o, for the curves of Figs. 20 and 
21 (the method used by the authors of the paper), Figs. 22 and 23 
are obtained. It will be noted from reference to Figs. 22 and 23 
that curves a, b, c, and d are reversed in order as compared to the 
corresponding curves in Figs. 20 and 21. If the authors’ Equation 
[1] is presented in curve form with different values of n, Fig. 24 
is obtained. In this figure it will be noted that the curves for the 
higher values of n correspond to the curves in the preceding 
figures for the imperfect cylinders. Thus, when a particular 
value of n is recommended for use with Equation [1] the corre- 
sponding value of a should be given. The value of 3 for n is 
probably a good average value for cylinders with the usual im- 
perfections. However, with n equal to 3, oo should not exceed 
the values obtained by the authors for the various radius-thick- 
ness ratios tested. 


15 E. E. Lundquist, “Strength Tests on Thin-Walled Duralumin 
Cylinders in Torsion,’ N.A.C.A., 1932, T.N. No. 427. 

167. H. Donnell, “Stability of Thin-Walled Tubes Under Tor- 
sion,”’ N.A.C.A., 1933, T.R. No. 479. 

17 E. E. Lundquist, “Strength Tests of Thin-Walled Duralumin — 
Cylinders in Compression,’’ N.A.C.A., 1933, T.R. No. 473. 
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Influence of Rate of an Shearing 


By JAMES JAMIESON,! ANN ARBOR, MICH. 


For many years the relationship between the velocity of 
deformation and the resulting stress has been occupying 
the attention of several investigators. In general, the tests 
have been made under uniform tensile- or compressive- 
stress conditions. It was with the object of investigating 
this relationship when under pure shear conditions that 
the work outlined in this paper was undertaken. Except 
for a few isolated cases, there are no results available with 
which comparisons may be made, but it appears from the 
tests made that the influence of the rate of deformation 
upon the ultimate strength is considerable. The results 
indicate that in all likelihood the same relationship that 
has been found to exist for conditions of direct stress will 
hold for conditions of pure shear. That is, the equation 


proposed by Ludwik, ¢ = o; + C log (v/v), for the case of 


pure tension has been found to prove satisfactory for pure 
shear. Only one metal (lead) has been tested, but the re- 
sults so found may be taken as representative of those 
materials with a low melting point. Further, in all proba- 
bility the behavior of steels, when subjected to constant 
rates of shear and when maintained at some relatively 
high temperature, will lead to similar results. 


HE influence of the velocity of deformation upon the 
strengths of materials has long been recognized, and a 
considerable amount of work has already been carried out 
in this field of investigation. One of the first to study this 
influence was P. Ludwik,? who, in 1909, suggested a mathematical 
formula to represent the relationship between the stress and the 
corresponding velocity of deformation. The equation which he 
then proposed, or later modifications of it, is accepted today as 
the most suitable mathematical expression available and is 
applicable over large ranges of speed; i.e., not only is it suitable 
to those tests where the velocity of deformation is appreciable, 
but it is also applied to creep testing where the rate of deforma- 
tion is very low. 
Ludwik carried out a series of tensile tests upon tin wires under 
various rates of deformation. These rates ranged from 5 X 
10~-* per cent per second to 0.0485 per cent per second. From 


1 Graduate student, Department of Engineering Mechanics, 
University of Michigan. Mr. Jamieson was graduated from the 
University of Glasgow, Scotland, in 1931, with the degree of B.Sc. 
in Mechanical Engineering. 

2? P. Ludwik, ‘‘Ueber den Einfluss der Deformationsgeschwindig- 
keit mit besonderer Beriicksichtigung der Nachwirkungserschein- 
ugen,” Phys. Zeitschr., 10, 1909, p. 411. 

R. Soderberg, ‘‘Working Stresses,”’ 
1933, paper APM-55-16, p. 131. 

Presented at the Semi-Annual Meeting of the American Society 
of Civil Engineers and THe American SociETY OF MECHANICAL 
Enatnegrs, Chicago, IIl., June 26 to July 1, 1933, at a joint session 
of the A.S.C.E. Structural Division and A.S.M.E. Applied Me- 
chanics Division. (This paper is part of a dissertation presented 
for the degree of Doctor of Philosophy in the University of Michi- 
gan. The experimental program was conducted in the Applied 
Mechanics Laboratory under the supervision of Prof. S. Timo- 
shenko.) 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of the societies. 
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consideration of the results of these tests he finally arrived at a 
suitable expression, of which the present-day interpretation is 
given as follows: 


It should be noted that in this expression o is the stress and v 
the corresponding rate of deformation, while o; and »; and C are 
material constants. 

Other investigators have also verified or shown independently 
that this expression represents the condition of stress at various 
rates of flow. In a paper published in 1930, R. W. Bailey* 
adopted a logarithmic equation, similar to the foregoing equa- 
tion, to express the relationship between stress and rate of creep. 
In a recent paper, H. Deutler® also shows that this relationship 
holds for speeds very much greater than the ordinary speed of a 
slow tensile test. The rates of deformation investigated by 
Deutler varied from 0.001 per cent per second up to 1000 per 
cent per second. 

Investigators have generally confined their research to nar- 
rower limits of speed variation, with the result that many of 
them adopt another mathematical expression in the treatment 
of their results. E. Siebel and A. Pomp*® tested steel, copper, 
and lead in compression over velocities of ratio 1: 50, the greatest 
velocity being 1.25 per cent per second. The equation which 
they adopted is: 


¢ =o,+Cvw" 


where og is the stress, v the rate of deformation, and o;, C, and n 
are material constants. This expression was first proposed by 
Ludwik, but later was rejected as unsuitable. He found that it is 
applicable only over a comparatively small range of speed. 

From the results quoted here and from many others dealing 
with this problem, the general conclusion can be reached that the 
resistance to flow increases with the velocity of deformation. 
This increase, however, is insignificant in so far as materials 
such as mild steel are concerned when tests are made at room 
temperature and with velocities not of the order associated with 
impact. Should the temperature be increased or should the 
metal under consideration have a low melting point, then the 
same changes in speed of deformation may be accompanied by 
considerable changes in the acting stress. Except for the usual 
long-time creep tests, scarcely any investigations have been 
made to determine how the resistance to flow of steel varies with 
the rate of deformation when the rate is considerable and when 
the steel is maintained at some elevated temperature. 

Since the temperature of recrystallization of lead is compara- 
tively low, the results obtained from lead at ordinary temperature 
conditions may be taken as analogous to those obtained from 


4R. W. Bailey, ‘“Thick-Walled Tubes and Cylinders Under High 
Pressure and Temperature,’ Engineering, vol. 129, 1930, p. 772. 

5 H. Deutler, ‘‘Experimentelle Untersuchungen iiber die Abhingig- 
keit der Zugspannungen von der Verformungsgeschwindigkeit,”’ 
Phys. Zeitschr., vol. 33, 1932, p. 347. 

6 E. Siebel and A. Pomp, ‘‘Einfluss der Formanderungsgeschwin- 
digkeit auf den Verlauf der Fliesskurve von Metallen,”’ Mitteilungen 
K.-W. Inst., vol. 10, 1928, p. 63. 


° 
4 
: 
7 
J 
> af 
¢ 
4 


materials with higher temperatures of recrystallization and when 
tested at elevated temperatures. It was with this analogy in 
mind that the investigation recorded herein was undertaken, 
and it is to be hoped that in the near future similar tests will be 
made upon steels at high temperatures. 

It should be noticed also that as yet all tests have been made in 
tension or compression and that the behavior of metals subjected 
to a pure shearing action and deformed at some constant rate has 


Fie. 1 


been neglected. Further, since modern theories are in agree- 
ment that strengths of materials are intimately connected with 
the condition of shearing stresses in the metal, it has been thought 
reasonable to depart from the usual testing methods and to 
examine the relationship between strength and rate of deforma- 
tion when materials are subjected to conditions of pure shear. 


TESTING EQUIPMENT 


The apparatus used in making this series of tests is a simple 
one and is illustrated in the photograph, Fig. 1, and in the line 
diagram, Fig. 2. It is an arrangement whereby tubular specimens 
of lead are sheared to destruction at various rates of deformation. 

In the case of high-speed tests the necessary force is supplied 
by an 8-hp gasoline engine which carries two heavy flywheels 
and which runs at speeds up to 300 rpm. The specimen under 
test is fixed rigidly to one of the flywheels and rotates freely 
with it. At a specific speed, which is determined by use of a 
stroboscope, a clutch is thrown in, and this immediately brings 
one end of the specimen to rest. The inertia of the flywheels is 
such as to shear the specimen without any noticeable decrease 
in speed of the moving parts. The torque required for this 
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Fig. 3. It is held in position at each end by central pins and by 
four setscrews, each firmly holding a steel segment machined to 
fit the outside diameter of the tube. 

In order to obtain much slower rates of deformation, use was 
made of the common type of torsion machine. This had two 
constant speeds, and, accordingly, the equipment described 
was used in cooperation with this machine. 

The total range of speed over which tests were made was from 
0.0312 rpm to 225rpm, or0.0135 
radian per inch per second to 
95 radians per inch per second 
—a ratio of 1:7000. 


RESULTS 


It is needless to enter into 
details with respect to the test- 
ing procedure, since the entire 
test is straightforward. It will 
be sufficient to add, however, 
that many tests were made, 
and all results were checked 
and rechecked several times. 
Further, all the specimens were brought to a uniform condition by 
heating them in boiling water for a period of eight hours. 

The calculation of the stresses is based upon the assumption 
that the stress is constant over the thickness of the tubular 
specimen. This is a reasonable assumption to make when the 
thickness of the tube wall is considered (0.055 in.). If s is the 
shear stress, r the mean radius of the tube, and ¢ the thickness, 
then, 


where 7 is the torque which is measured by the dynamometer. 
The results obtained from these tests are shown graphically 
in Fig. 4. It is at once apparent that variation in the rate of 
shear has an effect upon the strength of the material. The 
stresses found at the higher speeds at first appear somewhat 
confused. The curves, however, are of the same general shape, 
and upon further examination it will be seen that increasing 
speeds result in an increase in the strength of the metal. There 
is only one exception and that is the curve corresponding to a 
speed of 178 rpm (75.4 radians per inch per second). There is 
no explanation to account for this divergence, but, as will be 


shearing action is transmitted 
eter, which registers it through 
the medium of an Ames dial. $ ra ye Collar ia Collar 

A motion-picture cameraisused & Syeten 
to record the readings on the OllO» Th 
dial, and it is thus possible to $ = . 
investigate theeffect of compara- TT rn 
tivel id rates of sh bs | co Rigid Movable collar 
ively rapid rates of shear. m4 

A more thorough explanation ii Bearing Shaft Shaft Bearing Pinus 
of the mechanism can be ob- Cluteh 
tained from Fig. 2. Here grip Fig. 2 Apparatus Usep For TgsTING Leap aT Various RATES OF SHEAR STRAIN 


A is fixed to the flywheel and is 
held in position by two keys and restrained so as to move only 
laterally. Tubular specimen C is gripped firmly in grips A and B 
such that ACBD forms one continuous member. £ is the mov- 
able member of the clutch (DE), and while this can move laterally 
on the shaft, all rotation is eliminated by keys. The dynamome- 
ter G registers the applied load, and one end is fixed rigidly to 
the frame of the apparatus. 

The specimen used is tubular, with an effective gage length of 
1/,in. A fully dimensioned sketch of the test piece is given in 


shown, this error is not so great as it might at first appear. 

It is interesting to note the shape of the curves representing 
the two lowest speeds. In both cases it would appear that lead 
has some definite upper yield point. This point is characteristic 
of steels and has been found by many investigators, but as far 
as the author is aware, no one has recorded this peak for non- 
ferrous metals. Further, after this peak has been reached, the 
stress decreases continuously, first rapidly and then very slowly. 
This phenomenon of flow of lead at a constant speed at a constant 
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or decreasing stress has been observed by Siebel and Pomp. 
It may be explained by the fact that the temperature of re- 
crystallization of lead is low and recrystallization occurs during 
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the lowest speed », and the corresponding stress o; at some 
particular value of deformation (2 ‘cme per inch), 
equation takes the form: 


the process of testing. To obtain recrystallization, a certain time : 
must elapse, and naturally, therefore, this effect is more notice- 1310 + 390 log —— wien 
able at low rates of deformation. This latter portion of the curve on 0.0135 | 
denotes, therefore, that the 
strain-hardening effect brought 
about by the deformation is 
compensated by the phenome- 2800) 
non of recrystallization. The 
curves given in Fig. 4 may be 
taken as fundamentally charac- . 
teristic of the behavior of 24.4 
metals at comparatively high g C- 75.4 *” " 8 
temperatures, although not « E-48.2 
ature of recrystallization. H-25.2 
It should be noted also that 
the peak in the case of the z ee 
higher rate of flow is displaced 
to the right and is not so ™ 
sharply defined. From these 
two tests, therefore, it would a a 
seem that this upper yield point = i 
is most apparent at compara- 
tively low rates of shear, while 
at high speeds, and with the 
equipment used, it cannot be 0 2 4 6 io 
detected at all. When tests SHEAR STRAIN IN RADIANS PER INCH : 
at much lower speeds are car- Curves SHowine RsLaTIoNsHip BeTweEeN STRESS AND STRAIN aT DiFFERENT RATES OF 


ried out, it will be interesting 


By substituting values for v, the corresponding stress values 
c are found. These results, tabulated against the experimental 
values, will be found in Table 1. From the small percentage 
_ errors listed there, there is no doubt that this expression is suitably 
’ _ adapted to the curves found by experiment. Similar calculations 
1 _ have been made at sections made in ordinates 6 and 11 radians 
" per inch, and the corresponding results are shown in Tables 2 
nr} and 3, respectively. The agreement at the higher speeds is 
N remarkable in view of the apparent irregularity the curves assume. 
TABLE 1 

(o = 1310 + 390 log (v/0.0135) when ¢ = 7'!/: radians per inch) 

, Calculated value Shear stress Variation 

Velocity of shear of shear stress by experiment between 

rad/in./sec lb/sq in. Ib/sq in per cent 

0.0135 1310 1310 

0.1745 1744 7 
0997 OD. 60.5 2732 763 1.1 

1.184 D. 94.4 2810 2875 

Fic. Cross-Section oF Leap SPECIMEN 


to note if this yield point becomes more pronounced or not. 
In an endeavor to find a mathematical expression to represent 
the stresses found at various rates of shear, use has been made of 

the equation proposed by Ludwik: 7 
mo? Gen ad | 


This equation has been found to give results substantially in 
agreement with those found experimentally. By considering 


= 0, +Clog- 
1 


SHEAR STRAIN 


The small variations in the stress values at high speeds illus- 
trate that a change in velocity does not affect the resultant 
stress to any appreciable extent. It is for this reason that the 
curves at the higher rates of shear, although hardly symmetrical, 


give results in close agreement with those found by use of the 


aforementioned equation. 

That a change in velocity at high speeds has comparatively 
little effect, is illustrated more clearly in Fig. 5, which is a graphi- 
cal representation of the foregoing equation. The rate of the 
increase in strength at very low velocities of the order of 1 radian 
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TABLE 2 


_ = 1318 + 390 log (v/0.0135) when ¢ = 6 radians per inch) 
Calculated value Shear stress Variation 
of shear stress by experiment between 
gandock 
per cent 


oE 
/sec lb/sq in. 


Orn 


moron 


TABLE 3 


(o = 1295 + 390 log (v/0.0135) when @ = 11 radians per inch) 


Calculated value Shear stress Variation 

of shear stress by experiment between 
oandck 
per cent 


of shear 


> cE 
/sec lb/sq in. lb/sq in. 
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CURVE OF EQUATION = 1310 ¢ 390 LOG 
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RATE OF SHEAR IN RADIANS PER IN. PER SEC 
Fie. 5 Curve SHowinG RELATIONSHIP BETWEEN SHEAR STRESS 
AND RaTeE oF SHEAR (¢ = 7!/2 RapDIANS PER INCH) 


per inch per second is very great. At the higher velocities, say 
about 50 radians per inch per second, the slope of the curve is 
comparatively little, and accordingly variations in strength 
are decidedly less noticeable. 

In view of the irregular shapes which the curves adopt at low 
values of deformation or degrees of twist, it can hardly be ex- 
pected that this mathematical relationship will hold at all points. 
From consideration of these curves (Fig. 4) it may be said that, 
for the tests already made, Ludwik’s general law is valid only 
over some specific range of deformation. From the results al- 
ready quoted, however, there seems little doubt that this ex- 
pression agrees closely with the stress values over an appreciable 
range of speed and of deformation. This degree of deformation 
can be taken to cover approximately all values between 5 and 
12 radians per inch. 

Although these results cannot be regarded as conclusive until 
a wider range of speed is covered, it may be said with every con- 
fidence that there exists a definite relationship between the shear 
strength of a metal and the rate of shear which it undergoes. 
There is every indication also that this relationship is similar to 
that already recognized as existing between tensile stress and 
the yaahe-< of f deformation. 


Discussion 


H. Hencky.’? The author shows experimentally that the form 
of the law of flow is the same for uniaxial stress as it is for pure 
shear. The flow of metals being quite independent of the com- 
paratively very small volume changes, this result could be ex- 
pected theoretically. However, on account of the probability 
that the plastic material becomes an isotropic, the experiments 
of the author are of considerable interest and should be exploited 
theoretically as much as possible. 

It is to be regretted that the author did not try also the formula 
of Mr. Soderberg, which does not lead to obvious absurd results 
for small strain velocities. Perhaps the coincidence of experi- 
ment and formula would not be so striking in that case, but 
this coincidence has not such great value if the first part of the 
curve is uncertain. 

As pointed out by the writer, the neglect of the elastic effects 
in relaxing materials is objectionable, especially in the region of 
small strains. 

With this elastic effect taken into account, the curves A-H 
would have to be analyzed in a slightly different manner from the 
curves J and K. 


P. G. McVerry.® In this study of the relation between stress 
and velocity of deformation, the author has made a valuable 
contribution to the knowledge of the subject. The use of a low 
melting material such as lead to simulate the action of steel at a 
relatively high temperature greatly facilitates the study of funda- 
mental laws. Also, the conduct of tests in pure shear instead of 
tension gives results which are directly applicable to many 
practical problems. 

The suggestion of the author that similar results may be 
expected in tests of steels at high temperature may require some 
qualification. The creep of metals at elevated temperatures 
usually represents an extremely small velocity of deformation, 
and no satisfactory proof that the same laws are applicable 
to low and high speeds has yet been presented. The fundamental 
investigations of Ludwik and of Cassebaum were not generally 
known in this country prior to the translation of Dr. Nadai’s 
book? in 1931. In referring to these investigations, Dr. Nadai 
was careful to avoid the use of the proposed relation between 
stress and velocity for very small velocities of flow. This is 
necessary because log v = — when v = 0. 

The minimum velocity of 0.0135 radian per inch per second 
is very rapid compared with creep rates of 10~* to 10~® per 
hour. While it is very interesting to have further verification 
of the conclusions of Ludwik, Cassebaum, and Deutler, especially 
when applied to shear, it does not necessarily follow that the 
same law will be applicable to creep of metals at elevated tem- 
peratures. 

Various modifications of the Ludwik relation have been pro- 
posed, but none is entirely satisfactory. Soderberg! suggests 
that (v/v,) in the formula be changed to (1 + v/v) to give a more 
rational interpretation at small creep rates. Dr. Nadai® suggests 
for quite small velocities near zero, a linear relation between 
stress and creep rate, and for larger velocities the logarithmic 
relation. This would bring creep phenomena at low velocities 
within the laws of viscous flow. 

The writer has tried many of the possible relations in studying 
creep-test data and in attempting to predict flow rates for low 


7 Associate Professor of Mechanics, Massachusetts Institute of 
Technology, Cambridge, Mass. Mem. A.S.M.E. 

8 Research Laboratories, Westinghouse Elec. & Mfg. Co., East 
Pittsburgh, Pa. Mem. A.S.M.E. 

® A. Nadai, “Plasticity,”’” McGraw-Hill Book Company, New York, 
N. Y. 


(See footnote 3.) 
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_ stresses. Promising results have been obtained, but a com- 


pletely satisfactory substitute for the proposed relation is not 
available. Until these relations have been applied to data for 
many different kinds of material, it seems desirable to recommend 
caution in any extrapolation into the field of very low deforma- 
tion velocities. 


AUTHOR’s CLOSURE 


Dr. Hencky has suggested’ that the results should be treated 
from the theoretical viewpoint as much as possible. The author 
_ is in complete agreement with Dr. Hencky on this point, but is 
confident that more tests should be made, and especially at low 
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rates of shear, in order to facilitate this work. He did not neglect 
the formula proposed by Mr. Soderberg, but found that his 
equation would require some modification before it could be used 
satisfactorily over a large range of rates of shear. 

The author also thanks Mr. McVetty for the points he has 
raised and the references given. There is little doubt that in- 
sufficient data are at present available to enable one to predict 
stresses for different rates of flow, and especially so when re- 
ferring to rates of deformation of very small magnitude. It is 
to be hoped that in the near future more extensive investigations 
will be made and that the results will provide a more satis- 
factory basis for calculation. 
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Wind Pressure on Buildings 


HE existing specifications for calculating wind pressure 
I usually assume that the pressure normal to a plane surface 
is W = woA sin? a, where a@ is the angle between the 
velocity of wind, which can be taken horizontal, and the surface, 
and wo is taken from 100 kg to 150 kg per sq m. Experiments 
show that such specifications are not satisfactory, since they do 
not take proper account of the actual conditions. For instance, 
in the case of hangars and roofs the action of suction forces 
usually remains without explanation. The aforementioned 
specifications are based on the old Newton theory which assumes 
that the wind pressure can be considered as the result of bom- 
bardment of particles. From this it follows that only the sides 
facing the wind are submitted to wind pressure and that wind 
action can consist only in some increase of pressure. Suction 
forces on the basis of this theory are impossible. 
Expressions for wind force and wind pressure, as used in aero- 


pr? pv? 
dynamics now, are Wo= ce >. A and = 


is the air density—it is sufficiently accurate to take p = !/5 
(kg-sec?/m*‘); p, is the wind pressure in kg/m*; while ce and 
z, are two numerical factors which are not constant but functions 
of stream condition; ce is the coefficient of wind force, and z; 
the coefficient of wind pressure. The investigation of wind 
forces consists in the determination of the functions c. and 2 
(problem of aerodynamics) and the determination of wind 
velocity (problem of aerology). An analytical solution of these 
problems does not exist at present. The solution of the same 
problems can be made by taking measurements on existing 
buildings, but this is a laborious and difficult method. A more 
feasible method of attack is the solution of the aerodynamical 
problem in a wind tunnel of an aerodynamical laboratory. This 
can be done by using models of buildings and by investigation 
of wind properties in natural conditions. The results of such 
investigations can be utilized in practical calculations of wind 
pressure only under the assumption that the results obtained on 
models can be applied in the case of actual buildings. The 
investigations show that the results obtained with models can 
be applied with sufficient accuracy in the case of such structures 
as houses, industrial buildings, and bridge trusses. In the case 
of structures without sharp edges, such as chimneys of circular 
cross-sections and cylindrical gas and liquid tanks, the problem 


, where p 
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is more complicated, but in these cases also the model tests give 
important information. The usefulness of aerodynamical model 
tests is now generally recognized. There are numerous results 
from aerodynamical laboratories, which can be used for various 
shapes of buildings for calculating the numerical factors cu and 
zi. It is questionable whether sufficient knowledge regarding 
the properties of actual wind is available to apply the model tests 
in developing practical specifications. 

It must be agreed that there are not many satisfactory aero- 
logical data. Since 1925 careful observations of weather stations 
have been made in Central Europe. On the basis of these, 
together with other reliable knowledge of serology, the following 
statements regarding the wind problem can be made which will 
be of interest for structural engineers: The maximum velocity 
of 45 m/s was established by some reliable experiments which 
are applicable to Middle Europe conditions. Wind of 35 m/s 
happens often. Except in the lower strata, of 10 to 20 meters 
thick at the earth’s surface, a uniform wind of constant velocity 
can be assumed with an accuracy sufficient for practical purposes. 
It is recommended to make calculations with velocity 40 m/s. 
This velocity should be reduced for the lower sheet of air in one 
or several steps, to the velocity 35 m/s (for windy regions 45 
m ‘s and 40 m/s, respectively). There is the opinion that at the 
sea coasts the wind may have higher velocities. But this is not 
supported by aerological observations, and it is not recommended 
to introduce, for such cases, higher velocity requirements. In 
the case of very high structures which can be brought in oscilla- 
tions by fluctuation of wind velocity it is necessary to increase 
the wind-pressure requirement. The new investigation showed 
that the dynamical effect of wind pressure is taken care of with 
sufficient accuracy by increasing the statical wind pressure by 
20 to 30 per cent. Assuming wind velocity 40 m_’s, i.e., pr*/2 = 
100 kg/m’, it seems satisfactory to assume for slender struc- 
tures such as chimneys, radio towers, and lighthouses, the wind 
velocity 45 m/s, i.e., pp*/2 = 125 kg/m*. Assuming these 
velocities, the wind pressures on structures can be calculated 
without difficulty on the basis of model experiments. In the 
paper several examples are discussed: Buildings with rectangular 
bases and with various shapes of roofing, open halls, bridge trusses, 
towers, chimneys, and gas containers. The experiments indicate 
in all cases the importance of suction forces. Cases of such 
forces acting on a roof and on cylindrical containers are discussed 
in the paper. Finally the author discusses the specifications for 
wind pressure and indicates rational ways of modifying such 

conditions. 
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Design m and Calculation of Steam-Turbine 


Wheels 


A simple procedure for calculation of steam-turbine 
disk wheels together with a discussion of some questions 
concerning their elastic resistance in various conditions 
is offered in the following article. New solutions of the 
problem of rotating disks are developed and their applica- 
The 


tion in disk design is shown by practical examples. 


- resulting method in designing turbine disks is represented 


by a general scheme with a standard table. 


INTRODUCTION 


HE calculation of steam-turbine disk wheels often forms an 

actual problem of great importance in steam-turbine 

design, although many methods for the solution of the 
problem of rotating disks are known and used. To be of prac- 
tical use in design and development, a satisfactory solution of 
the problems involved is expected to yield simple procedures 
and practical standards and to reduce the present cumbersome 
methods of stress calculation to a minimum of mathematical 
work. To develop new solutions of this kind is the main purpose 
of the present contribution. 

By introducing certain new profile curves into the analytical 
form of the problem of rotating disks, formulas for the stresses 
are obtained, which are much simpler than those yielded by 
any other analytical solution of the problem. These curves are 
suggested by certain conditions of integrability of linear differ- 
ential equations and are designated by the author as “exponen- 
tial profiles.” Due to the mathematical properties of the new 
formulas they easily admit of a simple and complete numerical 
representation by means of a “standard table,”’ which when once 
calculated can be used in disk computations for any special 
given conditions. Such a table is presented in this paper for 
disks of the “first exponential profile.” This will be followed 
in a later article by a similar table for the still more important 
“second exponential profile.’ Examples of disks of the new 
profiles with the corresponding stress distributions are given in 
Figs. 3 to 6. 

Taking into consideration the varied wheel proportions 
resulting from modern blade dimensions, an additional investi- 
gation was necessary. This consisted of a revision of the mathe- 
matical fundamentals of disk design and a check of their validity 
under the new conditions. The approximate theory of rotating 
disks, developed by Stodola and used in this paper as in all 
calculations in disk design throughout the technical literature, 


1 Westinghouse Electric & Manufacturing Company, Dr. Malkin 
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Contributed by the Applied Mechanics Division and presented 
at the Annual Meeting, New York, N. Y., December 4 to 8, 1933, 
of Tue American Society of MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 


of the Society. ae 


By I. MALKIN,! PHILADELPHIA, PA. © ; 


_— 


is based upon the results obtained from the exact methods of 
the mathematical theory of elasticity. These results are ex- 
amined in Appendix No. 1. 

The stresses in a turbine disk are usually calculated for over- 
speed conditions. A natural question arising in design is that 
concerning the stresses in the disk due to the fit pressure when 
the wheel is at rest; the design having been calculated originally 
for overspeed conditions. This particular problem admits of a 
simple general solution, as will be shown, by reducing the condi- 
tions to those of a disk of constant thickness at rest, the behavior 
of which is known. In this way we easily find that the profile 
curve has practically no influence on the stress distribution 
under static conditions; the tangential as well as the radial 
stresses at the bore being about 60 and 40 per cent, respectively, 
of the tangential stress at the bore in overspeed conditions. 
This result was checked on a system of disks of the “first exponen- 
tial profile” and graphically represented by the curves in Fig. 8. 
These curves show the change in the radial and the tangential 
stresses at the bore corresponding to variations in the ratio of 
the disk thickness at the bore to that at the rim, under static 
conditions. 

The discussion treating with the stress distribution in a disk 
at rest is completed by some general remarks concerning the 
problem of the stress variation with varying speed. This is 
in the interest of a better understanding of the elastic behavior 
of the disk under various conditions occurring in practical 
service. 

The last section of this contribution deals with the influence 
of a hub relief, such as shown in Fig. 9, upon the stress distribu- 
tion in the disk. The solution of this additional problem is 
graphically represented in Figs. 9 to 14 and may be expressed 
briefly as follows. In overspeed conditions no change of any 
practical importance is caused by a hub relief. Under static 
conditions, the stresses within the disk are smaller than in a 
disk without hub relief. Immediately at the bore the stresses 
undergo a certain modification, too, but the strength, as defined 
by Mohr’s theory, is not affected. 


Tue First EXPONENTIAL PROFILE 


Consider the differential equation of rotating disks in the 
form [37],? 


wherein E is Young’s modulus of elasticity; », Poisson’s ratio; 
w, the angular velocity of the rotating disk given by the formula 
30w = xn, n being the number of revolutions per minute; yz, the 
specific mass of the disk material; r, the radius; 2y, the thick- 
ness of the disk; and u the radial anne The coefficients 
of the differential equation, namely — 


E \y dr 


ote 
4 
~ 
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being free of the function u, which is to be determined, a new 
profile y = f(r) shall be introduced in using the following pro- 
cedure suggested by elementary methods of integration of linear 
differential equations. 

By integrating the differential equation, term by term, ac- 
cording to the rules of partial integration we obtain 


where P;’ = dP,/dr, and so on. Hence the order of Equation 
[37] is lowered if Pp — P,’ + P,” = 0, or 


(14) 2(14) 
dr \y dr _, y dr 


This is a differential equation for the profile function y. Its 


solution is 
y = ae 

where a and —8 are the two constants of integration. Only 
positive values of the constant 8 will be considered in studying 
the first exponential profile, for reasons which will be indicated. 

For the profile [1] the original differential Equation [37] 
assumes the form 


Pou’ + (Pi — + ve =0 


and putting temporarily C = 0 we find one of the two integrals 
of the reduced Equation [37]. This first integral is easily 
found to be 

1+» 


D being again a constant of integration. 

The particular integral corresponding to the term with «? in 
original Equation [37] can now be determined by variation of 
the constant D occurring in the last integral. If » is assumed 
to be equal to 1/3, the particular integral appears in a finite 
form, namely 


pw? 1 2 2 
3E rs E + t + | [3] 


In using Equations [36]* we find the corresponding expressions 

for the stresses. The last integral corresponding to the constant 

C, omitted before, can be determined as follows.® 
Consider the homogeneous differential equation 


dr? y dr 


3 A. Forsyth, ‘‘Differential Equations,” 
schweig, 1912, p. 101. 

4 See Appendix No. 2. 
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Braunschweig, 1912, p. 573. 
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corresponding to the differential Equation [42], for the stress 
or.6 We may restrict ourselves to the consideration of the 
homogeneous equation, because the particular integral corre- 
sponding to w* is determined by [3]. 

By introducing our new profile [1] into Equation [4] and in 
using z = 6r‘/* as a new independent variable, we have, because 
of 


a a 


the differential equation 


dz 


instead of Equation [4]. 

By following the method indicated by theory,’ we find that - 
the last integral can be represented by an infinite series of the — 
form 


Qo + ayz + + asz?+... 


Furthermore it is known from the teachings of the theory of P 
functions of a complex variable, that the domain of convergency 
of this series is determined by that point (singular point) nearest 
to z = 0, for which the coefficient of d*o,/dz? in [5] vanishes. 
This coefficient being z’, the radius of convergency will be equal — 
to «; the Series [6] will converge for any finite value of z = : 
sr‘/*, Indeed, by introducing Series [6] into Equation [5] we 


1— (1 + »)6r find 
dr r 
a 

C being an arbitrary constant of integration. n+); (7) 

In considering the reduced equation +> 
a Gi. This shows that our Series [6] converges faster than that for 
du + 1 — (1 + »)6r a® exponential function e*, the ratio an/an-; in the latter 

AS dr r 


case being equal to 


- 


As the series for e* converges in the entire complex plane, our 
Series [6] converges even faster. From [7] we obtain by intro- 


an = 


Qn-1 


= 1, 2, 
n! = 


Correspondingly, the third integral for or appears in the form 


42 4°62? 28 4°6-8-10 2! 


In substituting this series into Equation [35] we find the expres- : 


sion 
5-7. (2n + 3) 3n+1] n! 
as the general term of the series representing the third integral 
for o:, which is, accordingly, given by 


15] 
> 
> 
A 
5 
fad 
oe 
pee 
Vik 
— dr 
d (1 dy 
‘See Appendix No.2. 


By introducing the Integrals [2] and [3] for the displacement 
u in Equations [36] we find the corresponding integrals for 


the stresses o, and o:, and in using those integrals as well as 
expressions [8] and [9] we obtain the complete solution in the 


14422, 2688 

v2) = 1 + 5-7-9023! 
4 


form 
or = Ar*f(z) + Kei(z) + Ler(z) ......... [10] 
ot = Artg(z) + Kyi(z) + Lye(z) ......... {11] 


where K and L are arbitrary constants to be determined from 
the boundary conditions, while A is given by 


u being the mass density and w the angular velocity, and 
9 6 6 


Qe 9 
gi(z) = vilz) = 
the profile curve being given by formula [1]. 

The functions f(z), g(z), ¢:(z), ¢2(z), ¥i(z), ¥e(z) can be calcu- 
lated once for all and put together into a “standard table” to 
be used in practical design. Such a “standard table’ is given 
in the next section and is followed by a detailed example of disk 
calculations. 


6 


23 


30 


GENERAL PROCEDURE !N DESIGNING DISKS OF THE FIRST 
EXPONENTIAL PROFILE 


The results of the foregoing section can be summarized as 
follows: For a disk of the profile 


— 
y = ae — 


the radial stress a, and the tangential stress o; can be represented 
by the formulas 


or = Ar*f(z) + Kei(e) + Le2(z); of = Ar*g(z) 


+ Kyi(z) + Ly2(z)........ {12] 
where 
2.303 h 

ho and ha being the boundary values of y, while 7 

aot 

l 
Gare A= 


where and w = angular velocity, K and L 
being constants determined by two conditions concerning the 
boundary stresses (see operation 4). The functions S(z), g(z), 
¢1(z), ¢2(z), ¥i(z), ¥2(z) finally follow from the “standard table.” 

The general procedure will consist of the following operations 
(see Fig. 1): 

(1) From the values of ro, a and he, which usually are given 
in practical design, and ho, which has to be assumed and varied, 
the constant 8 is to be calculated according to [14]. 
(2) With the constant 8 the values of z at the 


bore and at 
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the rim are to be calculated from [13], i.e., 20 = Bro'/*, ze = Ba‘/*. 

(3) For these two values of z the corresponding values of the 
functions f(z), g(z), ¢:(z), ¢2(z), ¥i(z), ¥2(z) are to be taken from 
the “standard table’ and introduced into formulas [12]. 

(4) From the two boundary conditions, c- = 0 (or or = — po, 
where po is a comparatively small amount; see example in the 
following section) at the bore (r = ro), and or = ors, where ora 
is a given amount following from the centrifugal forces of the 
blading for r = a, Equations [12] yield the corresponding 
values of the constants K and L. 

(5) With these values of the constants K and L the stresses 


1o 20 2,5 jo 


Figs. 1 anp 2 

Further practical rules are given in the next section which 
covers a detailed example of disk design. 

Finally it should be noted that, for practical purposes, it is 
of some advantage to introduce r? = z'/*8—*/* into the terms 
Ar*f(z) and Ar’g(z) in Equations [12]. These terms then appear 
in the form As—/*F(z) and Ag—/G(z), respectively, where 
F and G are functions of z only. The stresses, [12], then are 
independent of r, being functions of z, of 8 determined by [14], 
and of the constants K and L (boundary conditions). 


PRACTICAL EXAMPLE OF Disk DesignN—First ExPoNENTIAL 
PROFILE 


We present now, following the general scheme given in the 
last section, a practical example of disk design which involves 
solving a problem characterized by the following data: 

A disk is to be calculated for ro = 6.75 in., a = 18.75 in., 
the width at the rim, determined by the dimensions of the 
blading, being 6 = 2ha = 4 in., while the working speed is 
n = 3600 rpm and the pull exerted by the centrifugal forces 
of the blading at 20 per cent overspeed is o¢ = 13,000 lb per 


sq in. for r = a. 


q 
‘ions [12] and the “standard table.” 

= =a 6 = 

Fig. 7 
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STAND: .ISKS OF THE FIRST EX PIAL 
In using our “first exponential profile” [1] we find, ac- 


o(z) eile) vale) an ate cording to operation 1 of the scheme, given in the last 
section, 


2.303 Qho 2ho 
= — } = 0.062 logio | — 
6 = 19757) — 6.757 4 ) ( 4 ) 


By varying the ratio 2ho/4 within the limits 2 and 3, 
respectively, we obtain the corresponding values of 8 
and, according to operation 2 of the scheme, those of zo 
= Bro'/*, 24 = sa‘/* from the following table: 

TABLE 1 
2ho/4.0 z0 
2.0 0.238 
2.5 0: 0.315 
3.0 0.378 


Now we introduce the boundary conditions accord- 
ing to operations 3 and 4 of the scheme. We first re- 
quire that, at the overspeed no = 1.2 X 3600 = 4320 rpm, 
the pressure between the shaft and the disk should disap- 
pear, that is, the radial stress or must be equal to zero at 
the bore (r = ro) for no = 4320 rpm, while at the rim 
(r = a) the disk is affected by a radial stress or = 13,000 
lb per sq in., as indicated above. The stresses are given 
by formulas [12], wherein the constant A is 


1 1 
= X 7.33 10-* 4320 x - 


the boundary conditions 
12.5 X 6.752f (zo) + Ke (20) + Le2(20) 
for r = ro = 6.75 in. 
12.5 X 18.75%f(z0) + Kg¢i(ze) + Le2(ze) = 13,000 
ind forr = a = 18.75 in. 
ame 


PETIT 


_ OK 


K 


where 


= = gi(20) X ¢2(Za) — X 
¢i(Ze) ¢2(2a) 


= Zo x $2(2a) —Za X ¢2(20) 


(za) Za 


= :(20) X Za — X Zo 


= 


and 
Zo = —569f (20) Za = 13,000 — 4395f (ze) 


In using our “standard table” we find by interpolation the 
values which are tabulated in Table 2. (See page 589.) 
Correspondingly we will have from our Formula [12], 
the following approximate values: : 
TABLE 3 
(Ib/in.) 
49,500 
As a result of our preliminary calculations, we obtain the 
curve shown in Fig. 2, representing the tangential stress 
ow at the bore as a function of the ratio ho/ha = 2ho/4.0 
for given constant values of of = 0 at the bore (r = ro) 
and or = 13,000 lb per sq in. at the rim (r = a), re- 
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— 728550.0000 775350.0000 —346.2690 365.5067 07 

— 215255.5555  223566.6666 —186.4090 202.2745 62 
— 89775.0000  100235.0000 —119.6920 133.571¢ 16 
— 45420.0000  52140.0000 — 84.6203 97.1567 71 
— 25961.1111 30671.1111 — 63.5790 75.1387 27 
— 16139.6426 19647.5199 — 49.8007 60.6103 83 
A — 10668.7500 13368.7500 — 40.2156 50.4292 139 
—  7389.7119 9542.7982 — 33.2304 42.9563 196 

 5310.0000 7070.0000 — 27.9587 37.2783 

0.11 3930. 2012 5497 . 9696 23.8659 32.8409 
0.12 2980.5555 4225 .0000 20.6139 29.2935 
0.13 06.7290 3376. 5495 9790 26.4017 
0.14 16. 1832 2746.7961 8100 24.0079 
0.15 51.1135 2268. 8915 9991 21.9987 
0.16 74.2186 1899. 2186 4686  20.292¢ 
0.17 60.6935 1608. 4434 1609 18. 826¢ 64 
93.6180 1376. 3327 0334 17.5584 125 
0.19 61. 1848 1188.6070 0529 16.4544 186 
0.20 55.0000 1035. 0000 1935 15.4765 47 

oven 0.21 69.1427 907 . 9636 4356 14.6142 
98.6078 801.9126 7623 13.8467 
0.23 49.5840 712.6055 1617 13.1605 

| 0.24 92.3549 636.7936 6221 12.5417 
0.25 52.0000 572.0000 1361-11. 984: 

0,26 18.0009 516.2246 6958 11.4787 

0.27 89.4683 468 . 2058 2949 11.0178 
0.28 64.6505 425.8751 9294 10.5978 
0.29 43.6336 39.0549 5941 

0.30 25.5551 56.6661 2861 
0.31 0017 
0.32 7388 20 

0.38 4947 87 
2677 155 
0.35 0560 23 
Re 0.36 8580 92 
Sg 0.37 6725 62 A = 12.5 
0.38 4982 332 
0.39 3341 103 
0.40 —— 1794 
29.4099 163.6137 0331 345 
Ss 0.42 — 25.5424 154.3402 8946 317 
0.43 — 22.0848 145.8272 7633 3907 

0.44 — 18.9890 137.9965 6384 63 

gee. 0.45 — 16.2139 130.7818 5195 337 

0.46 — 13.7213 124.1178 4062 

0.47 11.4797 117.9529 2979 86 og, 

0.48 — 9.4616 112.2390 1944 61 
7.6420 106 . 9335 0952 37 
0.50 — 6.0000 102.0000 0000 214 

0.54 0.8611 85.3600 0.3459 526 L=—- 

cae 0.55 0.1353 81.8481 0.4249 305 © 

0.57 1.8582 75.4575 0.5753 766 

0.58 2.6016 72.5473 0.6469 347 
0.59 3.2765 69.8056 0.7165 29 

0.61 4.4419 64.7836 0.8499 194 
0:63 «80.2517 9763 

.251 .976 262 
0.64 8228 58.2398 1.0371 47 Zo 
0.65 6.1994 56.2857 1.0966 33 Ox = 
0.66 6.5407 54.4327 1.1547 519 Za 
0.68 7.1292 51.0019 1.2673 393 
0.69 7.3836 49.4088 1.3218 81g 
0:70 7.8094 47.9007 1.3754 370 
0.75 8.4445 41.3331 1.6297 325 
ae 0.80 8.9062 36.0938 1.8662 797 

0.85 9.1227 31.8461 2.0899 287 
aa 7 0.90 9.1769 28.3539 2.3045 797 
0.95 = 9.1237 25.4468 2.5133 326 
1.00 9.0000 23.0000 2.7183 376 
1.05 8.8306 20.9200 2.9216 447 
1.19 8.6326 19.1359 3.1248 42 
1.15 8.4178 17.5937 3.3292 
1.20 8.1944 16.2499 3.5360 
7.9680 15.0720 3.7462 
180 14.0327 3.9608 363 
85 7.5202 13.1108 4.1807 385 
1.40 7.3032 12. 2888 4.4065 135 

1.45 7.0926 11.5520 4.6390 17 

6.6926 10.2896 5.1272 575 
1.60 6.5039 9.7461 5.3841 454 

1.70 6.1490 8.7993 5.9270 323 
5.8231 8.0042 6.5132 348 

1.90 5.5241 7.3291 7.1481 546 

2.00 5.2500 6.7500 7.8373 922 
4.9983 6.2488 8.5869 50 
2.20 4.7671 5.8113 9.4036 30 
2.30 4.5541 5.4269 10.2941 35 
2.40 4.3576 5.0867 11.2663 65 
4.1760 4.7840 12.3271 24 
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z0 f(20) Zo gi(zo) 2(z0) 2a f(za) Za = gi(za) 2(za) g(z0) Yilzo) 
0.238 —300 171,000 —5.75 1.22 0.930 9.15 —27,200 2.43 2.15 650 12.65 1.14 
0.315 —108 61,500 —2.85 1.30 1.230 8.05 —22,400 3.65 2.77 323 9.35 1.19 
0.378 — 46 25,900 —1.55 1.36 1.475 7.00 —17,800 4.75 3.40 200 7.85 1.24 


spectively. For 2ho/4.0 = 1 the ordinate is calculated from the 
known formulas for the disk of constant thickness inasmuch 
as the use of those for our exponential profile requires, in this 
- special case, a complicated passage to the limit 6 ——> 0. 

Even by the approximate result represented by Fig. 2 the 
conclusion is justified, that the rate of the decrease in the amount 
of the tangential stress at the bore is getting smaller and smaller 
with the increase in the value of the ratio ho/he. This result 
can be assumed to be of general character although it is ob- 
tained here for a special case. 

From the diagram Fig. 2 we have now to decide upon the 
value of ho/ha = 2ho/4.0 on the basis of the maximum admissible 
value of ow. The question of the maximum admissible working 
stress at the bore in overspeed conditions will not be discussed 
here generally. For our example we consider ov 52,500 Ib 
per sq in. as a permissible amount for the tangential stress at 
the bore for 20 per cent overspeed, corresponding to the value 
ho/ha Then we will have 


1, giving a profile curve represented by 


2.5. 


from Table 


y = z = 0.0247r‘/2 0.315 < z < 1.230 


according to the same table. The constant a is given by 


=} X = 6.842 


Now we use again our “standard table” of the first exponential 
profile and obtain the following table: : 


TABLE 4 
zy (in.) r (in.) f(z) g(z) gaz) 
0.30 5.07 6.50 —125.555 356.666 —3.286 9.858 1.274 1.179 
0.60 3.76 10.94 3.889 67.223 0.784 5.489 1.629 1.401 
0.90 2.7 14.83 9.177 28.354 2.305 4.609 2.090 1.680 
1.10 2.28 17.21 8.633 19.136 3.125 4.514 2.472 1.904 
1.25 1.96 18.94 7.968 15.072 3.746 4.579 2.807 2.097 


Instead of the given limiting radii ro = 6.75 in. and a = 18.75 
in., we introduced in this table boundary values of r approxi- 
mately equal to ro and a, respectively, which in our “standard 

_ table” correspond to tabulated values of z and its functions 
f(z), g(z), oi(z), ¢2(z), vi(z), ¥2(z). The reasons for this pro- 
cedure are as follows. 

In using interpolations as indicated above, we multiply by 
large numbers the errors introduced by these interpolations in 
the course of our calculations. Considerable inaccuracy can 
be caused hereby in the results. It is much better, therefore, 
to proceed in the way shown in our Table 4, namely, to use 
numbers tabulated in the “standard table’ without interpola- 
tions. Naturally, some deviations will be caused by the fact 
that, in the special example treated, the boundary conditions 
actually refer to z) = 0.315 and za = 1.230, according to the 
Tables 1 and 2, and not to z = 0.30 and z. = 1.25, according 
to Table 4. But these deviations will be smaller generally 
than the errors produced by interpolations. And, besides, 
these deviations due to inaccuracy in fulfilling the boundary 
conditions are of negligible order, because in practical cases 
those boundary values cannot be stated very accurately anyway. 

In using Table 4, with the approximate values of z) and za as 
given by the first and the last lines of that table, respectively, 
we find that 


ro = 6.50 in. a = 18.94 in. 


in Table 2. Therefore 


= 


= 213,900; 
—22,750 2.8065 
—3.286 65,900 
= —172,000; L = 12,300 
3.746 —22,750 


Correspondingly, with oro = —500 Ib per sq in. 
for r = ro at the overspeed, Z) = —500 + 12.5 
< 6.50? 125.56 = 65,900 instead of 
61,500 in Table 2; Za = 13,000 — 12.5 X 18.94? 
< 7.968 = —22,750 instead of Za —22,400 


—3.286 


| 1.2738 
| 3.746 
| 


2.8065) 


= —13.99 


65,900 1.2738 


Fig.3 


a=/8.75 in. 


stress distribution in using the stress Formulas [12], according 
to operation 5 of the scheme given in the last section: 


The profile curve as given by the first two columns of this table 
is represented by Fig. 3. The stress distribution according to 
the third and the fourth columns of Table 5 is shown in Fig. 4. 

According to the general conclusions drawn in Appendix No. 1 
the maximum tangential stress at the bore will be about 5 per 
cent larger than the average amount given in our Table 5. 
The maximum stress, therefore, in our example will be about 
55,000 Ib per sq in. 

As to the profile curve, it does not differ appreciably from a 
straight line. 
case for disks with a ratio ho/he < 2.5, the radial dimensions 
being of the same order as in the example treated. 


If the foregoing method of developing the first exponential 
profile be applied to Equation [41],? a new solution is obtained 


7 See Appendix No 2. 


Figs. 3 AND 4 


TABLE 5 


y (in.) or (Ib/in.?) 

5.07 — 52,400 

25.200 

23, 7 


This, obviously, will be still more nearly the 


Tue Seconp EXPONENTIAL PROFILE 


ICs PM-56 9 
~ 
— 
= 
With these values of K and L we obtain from Table 4 the following : “a ie 
Z 
)24 
0247 3 
30,000 
j 
10,000+| 
r (in.) 
6.50 
10.94 
14.83 
17.21 
18.94 
be 
= 


characterized by a profile curve for which 


y=ae* 2 = prt 


[15] 
x which may be designated as the “second exponential pro- 


; file.” The stresses are, with » = 1/3, given by the expressions 
1933 
A 2 
we 
tent 7 
1283 (60 + 352 + 122%)...... (17) 


where A and B are the two arbitrary constants of integration, 
_ while 8 is determined by the ratio ho/ha; ho and he being again 


a=/8.75 in. 


ws 


Fies. 5 anp 6 


the values of y at the bore (r = ro) and at the rim (r = a), re- 
spectively. 
4 This solution is remarkable for the fact that both of the 


stresses as well as the profile are given by finite expressions; 
as to the exponential function e*, occurring in those expressions, 
it is tabulated very extensively. Therefore the formulas of 
the “second exponential profile’ can be used for steep profile 
curves as well; that is, for curves characterized by large values 
of 8. This is of some practical advantage for calculation of the 
disk part connecting the wheel with the rim. For such a part 
8 has a large negative value, in either of both profiles, and the 
formulas of the “first exponential profile’ cannot be used, be- 
_ cause in the vicinity of such 8 values the series occurring in the 
stress expressions converge very slowly. Formulas [16] and 
{17] are, of course, free of such objections. This explains why 
positive values of (—8) were not considered in our Formulas 
[1], [10], and [11]. It must be remarked, however, that the 
stress formulas are the less accurate, the steeper the profile 


curve becomes. 
By tabulating the functions 
(ere 
= @ + 452 + 182; 


¢:(z) (6 + 62 — 22 ) 
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3 + 22. 


vale) = (6 — 22 — 24) 


g(z) = 60 + 35z + 1227; yA(z) = — 


all calculations can be accomplished in the manner outlined for 
the “first exponential profile.” 


CoMPARISON OF THE Two PROFILES 


It is, of course, of practical interest to compare the two ex- 


ponential profiles. Suppose 


are the profile curves joining the point r = ro, y = yo with the 
point r = a, y = ya. Then we will have 


—pir'/s 


yl = are 


and yu = are 


From these two equations we find 
Bi(a°/? — */3) — 


yu/yr = 


This equation shows that yu is always smaller than y1, provided 
that at the boundaries (r = ro and r = a) y: and yn are, respec- 
tively, equal to each other. The profile curve y: has a hori- 
zontal, and the profile curve yu a vertical tangent at the point 
r = 0 (see Fig. 5). 


PRACTICAL EXAMPLE OF Disk DEsiGN—SEcOND EXPONENTIAL 
PROFILE 


As an example we treat here the same problem, as in the last 
section, in using our “second exponential profile.’ The pro- 
cedure is essentially the same as indicated in the scheme given 
above for the “first exponential profile’ and we find, for ho/he 
= 2.5, 


2.303 
18.75°/* — 


B logio 2.5 = 0.263 


We introduce the values z. = 0.93; ze = 1.86 into our further 
calculations, according to the practical rules given in the last 


section. By substituting 
or = —250 lb per sq in. forz = 2 = 0.93 an 
or = 13,200 lb per sq in. for z = ze = 1.86 —— 
we find from Equations [16] and [17] noe 
A = 53,200 and B = 29,400 


With these values of the constants A and B and with that of 8 
the following table is obtained by using some intermediate 
values of z: 


TABLE 6 
2 er (Ib/in.*) et (Ib/in.*) r (in.) y(in) 
0.93 —250 53,000 6.65 5.07 - 
1.00 650 — J ,400 7.42 4.75 1 
1.25 13,700 — 36,300 10.37 3.68 
1.50 7,000 ,800 13.60 2.87 7 
1.75 14,800 ,600 17.15 2.23 
1.86 13,200 24,500 18.85 2.00 


The profile and the stress distribution according to this table 
are shown in Figs. 5 and 6, respectively. For a comparison with 
the results obtained above for the “first exponential profile” 
(see the first example) the profile curve and the stress distribu- 
tion, represented by Figs. 3 and 4, respectively, are shown dotted 
in Figs. 5 and 6. 

A “standard table” for the “second exponential profile” will 
be available later. 


: 
uP = j 
Ip 76.75 in—— -% | 
| 
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Stresses DvueE To Fit PressurRE—E.astic RESISTANCE WITH 
VARYING SPEED 


The boundary conditions for the problem of stresses (pr, pz) 


_ in a disk due to fit pressure in resting conditions are® 


pt— Pr = ooforr =7o and p, = Oforr =a 


where ow is the tangential stress at the bore for w = wo (over- 
speed). With these boundary conditions the problem is to be 
confined to special profiles. It is, however, possible to draw 
general conclusions from the following consideration. 

For a disk of constant thickness the general solution for stresses 
due to fit pressure under static conditions is given by the for- 
mulas?® 


C 
P= — m= 
(C, = const. and C; = const.) 


By introducing the boundary conditions given above, we find 

2 a ; 2 a r 


where 2r) and 2a are the bore and the rim diameter, respectively. 
The stress distribution given by [18] is shown graphically in 
Fig. 7. The formulas [18] together with Fig. 7 admit of a 
simple interpretation. As soon as the ratio a/ro exceeds a cer- 
tain value, say a/ro 2 3, the stress distribution according to 
the curves pr and p: in Fig. 7 does not vary essentially with 
varying a. The maximum values of pr and » always take 
place at the bore, and these maximum values are always about 
40 to 60 per cent respectively of the maximum tangential stress 
ow at the bore under overspeed conditions. In other words, 
only the parts of the disk in the vicinity of the bore are essen- 
tially carrying the fit loading under static conditions, an increase 
of the outer radius a being of little influence on the functions 

This result can be easily generalized for disks of other profiles. 
We have only to realize that the disk of constant thickness 
investigated above can be subdivided into several separate rings; 
the larger the diameter of any of them, the less its influence on 
the stress distribution of the whole disk under static conditions, 
as shown above, and the less, consequently, the stress variations 
in the disk due to the reduced thickness of that ring as compared 
with the original thickness of the parallel sided disk. This means 
that the statement developed above for disks of constant thick- 
ness is qualitatively and, with a certain approximation, also 
quantitatively true for disks of any profile. 

This general result shall be checked now in calculating, for a 
special disk, the stresses p, and p;: due to fit pressure under 
static conditions. The question may be treated on a somewhat 
more general basis by considering the disk as rotating with 
varying speeds. This is useful for a better understanding of 
the elastic behavior of the disk in various conditions of the 
actual service. 
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L and M are arbitrary constants ia integration and fi(r), fe(r), 
gi(r), ge(r), hi(r), he(r) are the integral functions for the profile 
considered, the boundary conditions are to be stated from which 
the constants L and M should follow as functions of the speed w. 

Designate by pr(w) and p:(w) the disk stresses as functions 
of w. They usually are calculated for the overspeed w = wo 
and appear then as functions of r, so that, with our former 
designations, 


Pr(wo) = or and = pr(wo) = 

The boundary conditions for a, and o are, as we know, 
= 0 forr = ro) 
c= the overspeed w = 

or = oaforr =a 


Figs. 7 8 


where ry and a are the radii of the bore and the rim respectively 
while oa designates the radial tension at the rim exerted by the 
centrifugal forces of the blading at the overspeed. These 
boundary conditions for o, result in a corresponding value of 
o: at the bore, equal to om, and from the values of om and ox 
at the bore, for w = wo, the boundary conditions [43] and [44] 
for Pr = Pr(w = 0) and p: = pr(w = 0) under static conditions 
are obtained, as shown in Appendix No. 2. Now, by using the 
same manner of reasoning we find the condition 


Having the general solution for rotating disks in the form ~~ _ 


Or 


Ct 


Aw*h(r) + Lfr(r) + Mg2(r) 


where A is a certain constant determined by the profile, while 


8 See Appendix No. 2. 
‘ * A. Stodola, ‘Steam Turbines,” sec. 76, Eq. 22, with w = 0 and 
= 0. 


1° Cf. A. Foeppl, Festigkeitslehre, Sect. 56 (“‘Dickwandige Roeh- 
ren’’), 


Awth:(r) + Lfilr) + 


1 
Palo) — Pr(w) — = (forr =r) 


where K is a constant independent of the speed w, to be true 
for any speed w. This condition can be written, with close 
approximation, in the form™ 


— pr(w) = const. = om (for r = 7o)...... [19] 


11 See Appendix No. 2 


4 

pat 

2 

> 

“ : 
a6 

os — Frg.8 
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where ov is the tangential stress at the bore (r = ro) for w = wo 
(overspeed). At the outer boundary, r = a, we will have 


w? 
Pr(w)(7=a) = Ga (for r = a) 

wo 
where oq is the value indicated above. The boundary condi- 
tions [19] and [20] are to be introduced into 


Prlw) = Awthi(r) + Lfilr) + 
= Aw*he(r) + Lfo(r) + Mg2(r) 
from which we obtain 


ot = Aw*{ha(ro) — hi(ro)] + Ll fe(r0) — filro) ] 
+ M [g2(ro) — gi(ro) | [22] 


oq — = Aw*h(a) + Lfi(a) + Mgi(a) 
we 
These are two equations for the two constants L and M. These 
constants of integration, therefore, appear as functions of the 
speed w and in consequence the problem of stress distribution in 
terms of the speed is solved. 

For the disk of constant thickness, for instance, we have 

ha(r) = (3 + 


ho(r) = (1 + 3y)r?; 


fir) = = 1; 


1 
— 
" 


g:(r) = — 


Competed, the equations'? for L and M are 


2 2 
(1 — + —M =~—M 
ro? 2 


= 


34+ 7 


and the constants of integration are 


3 
1 
M = 2 Toot; L 


So we finally have for the disk of constant thickness 


1 1 w? 
Pr(w) = pow?(a? — r?) + ro? (3 ‘) ow + 


1 
= = 


+ 2 + 
a? wo? 
“representing the stresses for any speed between w = O and 
w = wo, provided that om and oa are the tangential stress at the 
bore and the radial stress at the rim, respectively, at the over- 
speed. If w= 0 is substituted, the solution as developed above 
applies to stresses due to fit pressure under static conditions. 
Referring to the general Equations [21] for pr (w) and pi(w) 
and Equations [22] for the constants L and M as functions of 
the speed w for any profile, it is easily seen that both stresses 
always can be represented in the form 


F,(r) + w*F,(r) = cee 


where F\(r) and F.(r) are certain functions of r. In other 
words, the stresses vary proportionally to w*, the proportionality 
factor being a function of r. 


po? [(3 + v)a? — (1 + 3r)r?] 


If we substitute w» = 0 in the general Equations [22] and 
calculate the corresponding values of L and M, the following 
expressions for the stresses due to fit pressure under static 


conditions are obtained from [21]: 


— fila)gi(r) | 
91 (a) [fo(ro) — fi(ro)] — fila) [g2(r0) — gi(ro) | 


ovlgi(a)fe(r) — fi(a)ge(r) ] 
gi(@) [fe(ro) — filro)] — fila) [g2(ro) — gi(ro) 


According to the general statement developed above these 


pr(0) = 


p(0) = 


_ stresses must reach amounts of about 


Pro(0) =~ — 0.40e% 


respectively, at the bore, for any profile, if a = 3ro. 
tuting r = ro into [23] we find 


oto[gi(a)fi(ro) — fi(a)gi(ro) } 
9:(@) [f2(ro) — filro)] — fila) [g2(ro) — gi(ro) ] 


— fi(a)go(ro) | 
[f2(ro) — fi(ro) ] — fila) [ga(ro) — giro) 


These formulas shall be applied to our “first exponential profile’ 


po(0) = ~ 0.60.0 


By substi- 


Pro(0) = 


po(0) = 


—pr'/s 
y = ae 
for a special example. Consider a disk with a = 21 in., ro = 
7 in., while the ratio yo/ye may vary between 1 and 3. For 
—yo/ya = 1 the formulas for disks of constant thickness are to 


be used. Generally we will have 
logio (*) 


_ 2.308 
a‘/s — 


With the given values of a and ro we find the values of zp and 
Za according to the formulas 


Bro'/? 


and then, by using the “standard table,’ with the symbols ¢, 
¢2, vi, and yo, occurring in that table, the corresponding values 
of fi, fo, gi, and g2 are obtained as follows: 


Za = pa‘/s 


’ 


TABLE 7 


= 0.330 
= 1.430 


By substituting these values in Formulas [24] we find the ratios 
Pro(0)/ow and pio(0)/ow for the exponential profile with yo/ye 
= 2 and yo/ye = 3, respectively. For the disk of constant 
thickness the aforementioned ratios are to be found from the 
Formulas [18]. The results obtained in this way are set forth 
in the following table: 


TABLE 8 
pro (0)/oto 


—0.444 
3 —0.369 


(0)/o 


These results are graphically represented in Fig. 8. From these 
it is evident that, even for ro/a = 1/3, the stresses due to fit 
pressure under static conditions do not depend essentially on 
the form of the disk; which is in full accordance with the state- 
ment developed above. The quantitative agreement with the 
result yielded by the general consideration is very satisfactory. 
An important result is expressed, furthermore, by Equation 


[19] i in its original an meaning. The strength of an elastic 


d 

4 

> 
[24] 
le 

4 va as 

0 
gr 2.0 {x —7.5 14.6 1.19 

20 —2.5 1.31 1.2 

0.631 


stress along the axial direction, being approximately equal to 
- gero, the difference at the bore will be always equal to p: — pr, 

because at the bore pro(w) S 0 and pwo(w) > 0. According to 
Equation [19] this difference in stress values at the bore is 
always the same at any speed. Therefore, we have, with close 
approximation, the general result, that the strength of the disk 
at the bore is always the same at any speed w within the limits 


Disk Wits Hus 


An instructive example for application of the results developed 
in the last section will be obtained by studying stress conditions 
in disks with hub relief as shown in Fig. 9. 

First consider a disk designed without hub relief (Fig. 10). 
The corresponding stresses may be represented by Fig. 11, the 
boundary conditions being given, for w = wo, by the relations 


Cr = on for r = ro \ 


or = oe for r= 


where oa is the tension due to the centrifugal forces of the 
blading. Of course, the stress curves in Fig. 11 are also com- 
pletely determined, if the conditions [25] are replaced by 


Oe for r=a (26] 


In other words, the stress curves are completely determined if 
two conditions are to be fulfilled corresponding to the two con- 
stants of integration occurring in the general expressions for the 
stresses. 

Now consider the same disk with a hub relief according to 
Fig. 9. We require again the conditions covered by Equations 
[26] to be fulfilled. As these two relations determine the stress 
curves, we will have the same stress diagram (see Fig. 12) in 
the new conditions, as in Fig. 11, as long as the disk profile is 
the same, i.e., from r = a tor = ro + A, where ro + A is the 
radius corresponding to the point where or vanishes in Fig. 11. 
This restriction (the vanishing of o, for r = ro + A) will be 
removed below. 

As to the stresses in the disk, or rather ring, represented by 
the section ABCD, it is easy to see that the radial stress is 
equal to zero at the outer edge BC. Indeed, the radial stress 
being zero at the edge BE of the disk BGFE, the equilibrium 
requires that the same be the case along BC in the disk ABCD. 
The tangential stress along BC in the same small disk is deter- 
mined, as well known, by the condition that the tangential 
elongation « at the cylindrical section BC must be the same 
for both disks. This elongation being given by the formula 


the stress o: must be the same on both sides of BC, since go; is 
the same on both sides. In other words, neither o- nor o: can 
jump at the outer edge BC of the disk ABCD. So both of the 
boundary values of of and o: are known at the outer edge BC 
of the small disk, and the stresses are completely determined, 
therefore, for the part between r = ro andr = ro + A according 
to previous statements. Furthermore, these boundary values 
being the same in Fig. 9 (for the ring ABCD) and Fig. 10 (for 
the ring A’B’C’D’) the stresses within the part between r = ro 
and r = ro + A must be the same in both cases. Therefore 


body is characterized, according to the well-known theory of 
- Otto Mohr, by the difference of the largest and the smallest of 
_ the three principal stresses. The axial stress oz, i.e., the principal 
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the stress distribution for Fig. 12 is identical with that for Fig. 11. 

This result is developed on the basis that ¢- = Oforr = 1+ A 
in Fig. 11, i.e., that the depth of the hub relief is equal to the 
distance A at the end of which or vanishes in the disk without 
hub relief. 
small amount, positive or negative, then or jumps in Fig. 12, 
and we will have 


Figs. 9 To 14 


If of = 5 for r = ro + A in Fig. 11, where 6 is a 
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to the left of BC. The corresponding value of o follows from 
the jump 60; of o: according to our Equation [27]: 


_ As 6 is a small amount anyway, the stresses do not jump essen- 
tially at the section BC and the whole consideration above is 
practically not affected at all. This means that under rotating 
- conditions no change in stress distribution is caused by the hub 
relief. 

Now consider both disks, with and that without hub relief, 
under static conditions. The stress distribution in the latter is 
represented by Fig. 13 in accordance with our previous con- 
_ siderations, and we know, that 


= 


Pto — Pro = Fw — Oro (for r To) 


or approximately 


(for r = ro) 


Pto — Pro = Sto 


or being of negligible amount. The stress distribution in the 
disk with hub relief under static conditions is again determined 
by the boundary conditions given above. 
the outer edge we must have 


Pr =0 


while at the bore (r = ro) the difference of both stresses p; and 
_ pr must be the same at any speed w. Therefore, under static 
conditions, this difference must be, with reference to Fig. 12 


(for r = a) 


Pre = Cn = on (for r To) 
and the question is, to determine, in an approximate way, the 
stress distribution satisfying the last two boundary conditions 
in the disk shown in Fig. 9. Starting with the outer edge 
r = a in Fig. 14 we state, that for the disk part BEFG (Fig. 9) 
the stress distribution is completely determined if we assume 
a certain value of p: for r = a, pr being equal to zero at that 
- point. Assuming p; to be of the same amount s as in Fig. 13 
at the outer edge r = a, we find, of course, the same stress curves 
pr and p: in Fig. 14, as in Fig. 13, for rs + A Kr Ka. At the 
point r = ro + A the stresses or and o jump, according to 
Equations [28] and [29], from the points S and T to the points 
P and Q, respectively. Since i. 


SP =» XTQ 


according to [28] and [29], we will have 
P’Q’ >Ss'T’ = po — Pro 


This shall be proved as follows. 

For ro + A > r 2 1% the profile represents a disk of constant 
thickness in both Fig. 9 and Fig. 10. Therefore the general 
expressions for the stresses in both of them, for static conditions, 
are represented by the relations 


is 
wit 


b 
pr(0) = bh —— 


b 


These are that at 
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For r = ro this difference must be equal to S’T7’ in the case of 
Fig. 10 and to P’Q’ in the case of Fig. 9; so we have 


2b 


— po(0) = — 


and 


where c is an arbitrary constant of the same kind as b. There- 
fore, forr = ro + A 


2b 
Tt 
(ro + A)? 
ST 
(ro + ay? 
Now we have 


TQ >PS therefore PQ > ST 


or 


P'Q’ 


and, according to [31] 
re’ > 


_ which is nothing other than Equation [30]. 
We have found, therefore, that if, for ro + A <r < a, the 
-_ stresses p: and pr in Fig. 14 are the same as in Fig. 13, the dif- 
ference of the stress values pio and pro at the bore, represented 
by P’Q’, will be larger than the same difference under rotating 
conditions as represented in Fig. 12. This being impossible, 
our assumption, according to which the stress curves are the 
same for ro + A Cr Ka in both disks with and without hub 
relief in resting conditions, must be altered. In other words, 
for r = a the tangential stress must be less than s in Fig. 13. 
We then obtain stress curves p and pr, determined by both 
boundary conditions forr = a. It is easily seen that the curves 
ym and pr qualitatively correspond to each other physically. If 
the radial stress, which is compression, is diminishing from p, to 
pr (Fig. 14), the tangential stress, which is tension, must diminish 
from p: to p. At a certain definite decrease of both stress 
functions the state will be reached at which the previously 
mentioned stress difference at the bore will assume the required 
value, independent of the speed w. This means that by using 
a disk with hub relief, the stresses are the same under rotating 
conditions, as in a disk without bub relief, and they are smaller, 
throughout the disk except the hub, under static conditions, 
_ while at the bore they remain within permissible limits deter- 


mined by the relation pmo — pro = const. at any speed w. 


Appendix No. 1 


Tue Prosiem oF Rotatine Disks IN THE MATHEMATICAL 
THEORY OF ELASTICITY 


The rigorous mathematical basis for the design of steam- 
turbine disk wheels consists in a solution of the following problem 
with boundary conditions. 

Consider the state of strain and stress in an isotropic elastic 
body of revolution rotating about its axis z-z with the angular 
velocity w. The displacement will be symmetrical about the 
same axis. The components of the displacement being u in 

the radial and w in the axial direction, the conditions of elastic 
< equilibrium are expressed by the differential equations" 


13 A. E. H. Love, ‘‘Mathematical Theory of Elasticity,” 4th ed., 
_ Cambridge, 1927, p. 146, and p. 104. 


ST P 

= 

~ [30] 

these formulas we find, for static condit 

aye 
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2(1 +») r \ Oz 
The boundary conditions express the fact that the lateral 
surfaces of the disk, represented by the equation y = f(r), 
_ where f(r) is a known function of r, are free of stresses, 
while the edges r = ro and r = a (Fig. 15) can be affected 
by given forces. In special problems the inner boundary 
surface can vanish (disk without bore). The stresses in 
the rotating disk are to be determined. 
In the form [32] the problem has been solved for a few 
_ special forms of the meridian curve (profile) only, par- 
ticularly for the cylinder'* and for the ellipsoid'® under 
certain boundary conditions.'® 
It is of practical interest and importance for compari- 
- son with the procedure used in technical applications as 
reproduced below to know the results yielded by the 


methods of the theory of elasticity. Therefore a concise 
report concerning the solutions just mentioned shall be 


QA 
W 


given 
We designate by or, o:, and oz the normal stresses along 
the radius r, the tangent, t, to the circle of the radius 
r, and the direction, z, of the axis of rotation, respectively. 
As to the shear stresses, the components 7, and rz vanish 
by reasons of symmetry about the axis, while 7 ~ 0 
generally. 

Consider now the stress distribution determined by 
the equations 


l+p 
1— 


1 
+ v)(a? — r*) + 


= 
This is produced by a certain \ 


displacement satisfying Equations [32).!7 The solution 
[33], if applied to the case of a cylindrical disk with- 
out bore, fulfils the boundary conditions at the plane 
surfacesz = +1. Indeed, the stress component o. and 
the shear stresses vanishing identically, they vanish also 
at the surfaces z = + |. But at the cylindrical surface 
r = a both the radial stress o, and the tangential stress 
s+ follow a special law of distribution along the axial 


4 A. E. H. Love, loc. cit.; and F. Purser, Trans. Royal 
Irish Acad., vol. 32, 1902. 


16 C, Chree, Royal Soc. Proc., London, vol. 58, 1895; treated 
the general ellipsoid. 


- - See also Zeitschr. f. Ang. Math. u. Mech., vol. 3, 1923, p. 


"A. E. H. Love, loc. cit., Eq. [70] and [71], and p. 56. 
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direction z, as shown by Equation [33]. According to this 
law the average amount of or along that direction vanishes for 
r =a. The additive correction of Equation [33], necessary to 
produce boundary stresses of = 0 for r = a, is discussed in 
the article of Purser, previously mentioned. This correction is 
of importance only for calculation of stresses in the vicinity of 
r =a. For parts which are not too near to the edge, the stress 
state of the disk is represented by Equation [33] with sufficient 
accuracy according to the well-known principle of de Saint 
Venant,'* provided that the thickness 2] is small compared with 
the diameter 2a. The axial distribution of the stresses at the 
edge r = a is here of little interest. That at the inner edge in 
disks with central bore is much more important. For such 
disks the solution [33] is to be replaced by the following formulas: 


| 


a? + b? — r? — — 


(l — 32?) 


2p2 
= E + v) +b? + —(1+ | 
Q Tr 


1 
+ 32?) 


wherein b is the radius of the bore, and 


8 


Or 


pw?(3 + v) ( 


+2 
v 


Ct 


[34a] 


According to the solutions [33] and [34] the stress variation 
along the axial direction, z, is of an almost vanishing amount, 
if l, equal to a half the thickness of the disk, does not exceed a 
certain limit as compared with the outer radius of the disk. 

Take, for instance, a solid cylindrical disk for which a = 51. 
Suppose, this ratio justifies the application of the principle of 
de Saint Venant. In Fig. 16 the curves o, and o: show the stress 
distribution, according to Equations [33], for the middle plane, 
(z = 0), of the disk. The stress variation along the axial direc- 
tion z is represented by the parabolical curves Z-Z, analytically 
expressed by the formula Ac = Cz*, C being a constant and 
—l £ z <1. The amount of this stress variation is about 2.5 
per cent of the maximum stress at the axis r = 0. 

The lower parts of the curves in Fig. 16 are dotted, because 
in the vicinity of r = a they do not represent the actual stress 
conditions, as explained above. 

Fig. 17 shows the stress distribution according to Equations 
[34], in an analogous way, for the same disk as in Fig. 16, but 
having a bore, the radius of which is equal tol. The maximum 
stress appears again in the vicinity of the inner edge of the disk; 
but it is almost twice as large as in the case of the solid disk of 
Fig. 16. The stress variability along the axial direction is the 
same as before, or about 1.5 per cent of the maximum stress in 
the varied conditions. 

The stress distribution in an ellipsoid according to the exact 
solution cited above is discussed in detail by Stodola.2° We do 
not reproduce the complicated formulas for the stresses; only 
the general results shall be mentioned. 

For a solid disk of elliptical meridian curve having a diameter 
2a and a maximum thickness 2c at the axis, Stodola finds a 
stress variability along the axis (r = 0) as represented by the 
following table: 

45 


= 0 fro Tr Tis 


TABLE 9 
c/a 1/3 
(%) 5 
18 A. E. H. Love, loc. cit., p. 132. 
19 A. E. H. Love, ibid., p. 148. 
20 A. Stodola, “Steam Turbines,’’” New York, 1927, vol. II, sec. 
184. See also his article in Zeit. V.D.I., 1907, p. 1259. 7 a 
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where o designates the tangential or radial stress for r 
z = 0, while Ao = o( =o,2=0) — =o, 

It is interesting to observe, that the stress variability along 
the axis is of a larger amount for the elliptical disk than for the 
cylindrical one. This result is quite natural, if the uniform 
mass distribution along the axial direction in the case of a cylin- 
drical disk, causing a uniform distribution of the centrifugal 
forces along the same direction, is taken into account. But even 
for a disk of elliptical profile, having a maximum thickness equal 
to 1/, of the diameter, the absolute value of the excess of the 
stress amount over the average stress along the axis remains 
within the limits of about 7 per cent of the maximum stress. 

A remarkable detail is characterized by appearance of normal 
stresses oz in the axial direction. These stresses o, represent 
compression in the disk parts of larger, and tension in those of 
smaller thickness. They reach the amount of only a few per cent 
of the maximum normal stress. 

From analogy with the cylindrical disk we may conclude, that, 


_ if the elliptical disk is provided with a bore, the non-uniformity 


in the stress distribution along the axial direction at the bore, as 

defined by the expression (ctmax — ctmin)/!/2(otmax + ctmin), 
will be about a half of the amount indicated by the last table, 
so that the absolute value of the excess over the average stress 
along the axial direction remains within limits of about 3'/: per 
cent of the maximum stress for c/a = 1/4. 

In summarizing we arrive at the following conclusion with 
certain approximation, special regard having been given to the 
increased proportions in modern disk design: By increasing 
the thickness of the disk from '/s to '/, of the diameter the 
absolute value of the excess of the stress values over the average 
stress along the axial direction increases in disks with bore from 
the order of about 1 per cent to that of about 4 per cent of the 
maximum stress, while the axial stresses oc; still remain within 
negligible limits. 

The rigorous treatment of the problem of rotating disks in 
general form, i.e., for given meridian curves, by using methods 
of mathematical physics, would be, at the present stage, in 
certain branches of the mathematical analysis, at least exceed- 
ingly complicated.*!_ A very valuable new method of analyzing 
plates and disks** is invented by G. D. Birkhoff;?* in its further 
development this method may acquire practical importance for 
disk design. As far as technical requirements are concerned 
the approximate method, introduced by Stodola,** is very satis- 
factory. His procedure is based upon the fundamental con- 
clusion drawn from the exact solutions as previously reported. 
The non-uniformity of the stress distribution along the axial 
direction in rotating disks can be neglected within certain limits 
determined approximately by Table 9 and emphasized in the 
foregoing conclusion. This basis of strength calculations in 
disk design does not lose its validity in the new conditions 
characterized by increased disk proportions. = 


Appendixe-No. 2 
Equations IN APPROXIMATE ForRM OF 
Roratine Disks 
Since the variability of the stresses or and o along the axial 
direction is, to all practical purposes, of negligible amount, they 


21 See St. Bergmann, Mathem. Ann., vol. 98, 1927, p. 248. A 
detailed report is given by I. Malkin, Zeit. f. Ang. Math. u. Mech., 
vol. 10, 1930, p. 182. 

22 The mathematical analogy between circular plates under bending 
and rotating disks is established by L. Foeppl, Zeit. f. Ang. Math. 
u. Mech., 1922. 

23 Phil. Mag., vol. 43, 1922, p. 953; also C. A. Garabedian, Amer. 
Math. Soc. Trans., vol. 25, 1923, p. 343. 


Stodola, ‘Steam Turbines,” sec.74.0 


a 
‘ 
* 
| 
— 34 | 
® = 
49: 
a 
& 
+ 
: 
é 
= 
3 
, 
3" 
of 


use to be considered as functions of r only. With this simpli- 
fication, Stodola obtains from the conditions of equilibrium 


{see Fig. 18] the equation** 


dR’ — dR — dTdp + dF = 0 
dF = yw*rtydgdr 


where 


dk’ —dR = d(ryor)dg; dT = yordr; 


so that the differential equation of equilibrium in approximate 
form can be written as follows: 


d(ryor) 


dr 


In elastic conditions the stresses follow from the radial displace- 
ment u according to the relations 


and by introducing [36] into [35] the equation 


1 dy 1 \ du vdy 1\u pw?(1 — v?) 
dr* (1% + (22. + E 


is obtained. The elimination of u from Equations [36] yields 


the condition 


of compatibility of both stresses. 

In assuming a certain curve, y = f(r), as the meridian curve 
(profile) of the disk a differential equation for u is obtained 
from Equation [37]. If the solution of this differential equation 
iss known, the stresses can be determined by Equations [36] in 
connection with the boundary conditions. Should the stresses, 
as following from these calculations, exceed permissible limits, 
the assumed profile must be modified and the calculations 
repeated until satisfactory results are obtained. 

Sometimes another equivalent procedure is used in solving 
the systems [35] and [38] of differential equations. A certain 
kind of stress function S is introduced by the formula*® 


S dS 
Tr = -; T, = — + poyr®........... [89] 
r dr 
where 
™ Yor; = yor [40] 


By using these expressions Equation [35] is satisfied identically, 
while Equation [38] requires 


as 1 ildy\ds vdy 1\8S 
cose 


an equation which does not differ much from Equation [37] for 
the displacement u. 

Still another analytical expression for our problem can be 
obtained by eliminating o, or o: from Equations [35] and [38]. 
By eliminating o:, Stodola finds the following differential equa- 
tion for o,:%6 


28 A. Foeppl, ‘‘Technische Mechanik,”’ vol. V, 1922, p. 87. 
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[36] speed wo. With these designations we obviously must have 


1 
(1 — = 
v) 0 6 


26 A. Stodola, loc. cit., sec. 181b. 
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d’o, 3 1 dy de, 2 + v dy d 1 dy Or 
dr? + (2419) y 
+ (3 + v)yw? = 0.... [42] 


The differential equations reproduced here are used in pre- 
ceding sections for developing new solutions of the problem of 
rotating disks. Furthermore, in using Equations [36], the 
boundary conditions for the problem of stresses due to fit pres- 
sure in the disk under static conditions can be obtained as 
follows. 

Designate by 

d___the bore diameter of the disk 

D_ the diameter of the shaft 
both under undeformed static conditions, and by 

uo the radial displacement of the disk 

uo’ the radial displacement of the shaft 
both for r = ro and for any speed w between 0 and the over- 


d + 2uo = D + 2u’ 


provided that, at any speed w < wo, there isa certain pressure 
between the disk and the shaft. The “shrink fit’? is corre- 


spondingly given by 


The displacements up and wo’ are according to Equations [36] — 


A= 


, — var" 
= 


ot —— Vor 
Uo = To; 
where o; and or are the tangential and the radial stresses, re- 
spectively, for r = ro at the speed w, in the disk, while ¢:’ and 
or’ = o, are the corresponding stresses in the shaft for r = ro. 
The shrink fit is, therefore, 


To 
A = = (or — = 
E 


In using the well-known formulas for a disk of constant thick- 
ness?’ without bore we will have 


1 
— a,’ = — or = 4 (1 v) 


Correspondingly 


Now, by introducing 
= wo =O 
or = On or = Pr 
we obtain oh 


To) 
Herein oro is equal or approximately equal to zero. As to the 
quantity 1/,(1 — v)uwo*ro*, it is a small value which may be 


neglected in the last equation. Indeed, with reference to the 
example treated in the preceding section we have ~ 


* 2 
X 7.33 X x =) X 6.75? 


1 
= — on — — v) 0297779? (for r= 


27 See Stodola, ibid., sec. 76. 
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- or about 2 per cent of om = 52,400lb per sq in. So the boundary 
condition in question can be written as follows 
De = Cn forr = cc [43] 


This is the inner boundary condition for the stresses p: and py 

_ due to fit pressure under static conditions. The other boundary 
condition expresses the vanishing of p, at the outer disk edge 
r=a: 


pr = 0 


The boundary condition [43] is here obtained in a way some- 
what different from that used by Stodola** in order to show the 
limits of accuracy of this condition. 


J. L. Mavutpetscu.”® It can be shown that the two profiles 
given by the author belong to a series of profiles of the type 


é 
y= 
me 
where 4 
12 4 
aaa 
and 
a = any positive integer 
1.e., = 


and that any profile of this series will allow a similar litte 
to the one presented by the author. 

The solution for any value of + consists of two infinite series 
and of an expression containing a few terms only. For y = ‘/s 
and + 2/;, this last expression has three terms. In general, 


We see that if ~ becomes smaller, p will increase, i.e., we 
have more terms and the calculations are somewhat longer. 
However a study of the general solution shows that the series 
have a better convergence for small values of y therefore fewer 
terms in the series need to be considered. 

The method used by the author is practical only if tables for 
the values of the series are calculated beforehand. Such tables 
are given in this paper for the case y = ‘/3, and the author also 
proposes to have tables calculated for his second case where 
y = ?/s. Since the calculations are rather long, it might be 
advisable to determine first which profile is better adapted for 
practical purposes. 

Due to the more rapid convergence of the series for small 
values of y, a larger range for the variable z = $r” may be 
taken, therefore disk profiles differing more from the conical 
shape can be approximated with y = '/, or '/, for instance, 
than with y = ‘/; or 2/3. It seems then, that tables for a value 
of y smaller than 2/; would offer more advantages to the designer 
of turbine disk wheels than the second profile proposed by the 
author. 

A résumé of the general solution will be given here: 
differential equation*® 


the 


2% See Stodola, ibid., sec. 81d. 
29 University of Michigan, Ann Arbor, Mich. 
30 Author’s Equation [37]. 
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=0 
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du 
dr 


d*u 
dr? 


ldy 1 
+ (2442) 


is not homogeneous. It is reduced to the following homogeneous 
equation®! which can be solved with series: 


do; 
+ (m — 2)2 — nao, =@..... 
where 
m= z= Br’ 
Y 
end 
| 
if we assume 
ye [47] 
and limit y tothe values 
Pe : ( itive int 48 


This limiting condition for y is due to the fact that we want to 

obtain a particular solution of Equation [45] so that a homo- 

geneous equation may be obtained. 
The particular solution is of the type 


for any value of y, the number of terms p is: 
341 wt = 8B ty (fori = 1 to p— 1) 


M; is a function of y and 8. 


The condition [48] for y is obtained through the analysis by 
making the assumption [47] and [49]. 


C. R. Sopersera.**? Dr. Malkin’s contribution to the disk 
problem is a very real one and I feel certain that it will find its 
place among the classics of the subject. 

It is of importance to the designer to have available a method 
of stress calculation which is sufficiently rapid to permit evalua- 
tion of the stresses for many combinations in a short time and 
yet of sufficient accuracy to make the results reliable. During 
the period of its use, we have had ample opportunity to demon- 
strate the great merits of the new method. 

Concerning the problem of design limits, it seems that the 
following questions must be discussed: (a) tangential stress 
at the inner bore at overspeed; (b) permanence of the shrink 
fit on the shaft at the normal speed, and (c) normal pressure on 
the shaft at standstill. These aspects of the failure problem 
must be weighed in the order mentioned. The importance of 
the last item is difficult to evaluate. Failure in the ordinary 
sense of the word does not occur under normal pressure until its 
intensity materially exceeds the yield strength. This state is 


31 Author’s Equation [5]. 
32 Westinghouse Research Laboratories, East Pittsburgh, Pa. 
Mem. A.S.M.E. 
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seldom reached, but the pressures are usually so high that the 
designer does not feel he can ignore them. 


AvutTuor’s CLOSURE 


Mr. Maulbetsch’s generalization of my solution involves two 
infinite series in each of the two stress expressions. In recom- 
2 mending y = '/, he introduces two further expressions with 


terms in each. These two expressions, however, may be worse 


. than any of the proposed infinite series, because there is no indica- 
7 tion as to the rapidity of their convergence. The solutions, 
- thus represented by six infinite series, cannot compete with the 


exponential profiles, the first of which involves only two infinite 
series, while the second entails the use of simple finite expres- 
yf sions. The more rapid convergence in the case of smaller values 
of y in the first four of Mr. Maulbetsch’s six series would not 
appear to be a factor of great weight. 
7 There is, furthermore, another factor which is not to be over- 
Py looked in connection with the question of convergence. If y 
becomes smaller, the independent variable z becomes larger, 
especially in the vicinity of the rim (see Tables 4 and 6). In 
using y = !/, we easily find, for the disk analyzed in Figs. 3 to 6, 
that 


18.75'/4 


= = 2. 3 ] 2.5 = 


4.06 


as compared with ze = 1.25 and za = 1.86, respectively, in the 
above examples. The increase in za caused by decrease of y is 
a factor of opposite effect to that of more rapid convergence. 

The necessity of calculating tables cannot be considered as 
a disadvantage of the author’s method, because such tables are 
necessary in any analytical solution, and it is contended by the 
writer that, for two reasons, the method of solution as set forth 
is simpler than any other analytical solution so far developed 
for the problem. 
the tables in question by using simple finite expressions, or solu- 
tions with only two infinite series, than by dealing with six in- 
finite series, as in the case of conical disks, or even with finite 
; expressions of considerable complicacy such as encountered in the 
case of hyperbolic disks. The other important advantage is the 
fact that the writer’s method of solution is based upon the 
principle of similarity which, in the case considered, assumes the 
following form: If the profile curve is given by an expression y = 
f (r, 8), where 6 is the essential constant parameter characteriz- 
ing the individual disk, the solution will be obtained generally 
in terms of two varying essential quantities, rand 8. In using 
f. i. tables calculated for conical disks we have to multiply all 
values, for any special disk, by a constant varying with that 
disk. The calculations are, in other words, two-dimensional. 
In the case of the exponential profiles set forth by the writer 
the solution is given essentially in terms of a certain combination 
of the variable r and the parameter 8, namely in terms of z = 
8r‘/* and z = 6r’/*, respectively. The main calculations, conse- 
quently, include only one variable. These are the two advan- 
tages which are of practical value in tabulating the solutions and 
in using the tables for design purposes. 

As to the question of technical adaptability of the writer’s 
method of solution, our attention is called to Fig. 19 in conjunc- 
tion with the following remarks. 

The problem of practical disk design is not a problem merely of 
avoiding the conical profile. It is rather a problem of profile 
variation between two limiting profile curves, the conical and the 
hyperbolic. Fig. 19 is a typical example of the practical possi- 
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: stresses. After having used, for a certain time, the new method 


First, it is much more convenient to calculate © 
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bilities of choice offered to the disk designer by the two expo- 
nential profiles. They not only represent definite special solu- 
tions, but practically fill the range between the two limiting 
solutions, inasmuch as, if completed by the latter, they approxi- 
mate, with sufficient accuracy, any intermediate solution as well. 
Practical experience shows that a slight variation of the profile 
curve between the two fixed limiting points at the bore and the 
rim is of a practically negligible influence on the boundary 
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Fig. 19 Typican ExamMpies oF CHOICE OFFERED BY THE Two 
EXPONENTIAL PROFILES 


represented by the two exponential profiles the practical designer 
will, therefore, be able to modify more or less freely the theo- 
retical profile curves, if this is advisable from the standpoint of 
weight reduction or required by the necessity of avoiding possible 
dangerous vibrations. The profiles y = ae~’, z = r’, with y = 
1/, or y = 1/5, being of sharper curvature at the bore than the 
second exponential profile and, consequently, situated in the 
vicinity of the hyperbolic profile, appear quite unnecessary in 
this connection because they do not throw any further light on the 
problem of stress distribution and there would be no justification 
for the tedious calculations involved. 

This is a case of special practical interest. Inasmuch as the 
hyperbolic disk is regarded as a limiting profile characterized by 
smaller weight but for the most part not adapted to technical- 
design purposes because of the sharp curvature in the vicinity of 
the bore, considerable modification of the profile curve is neces- 
sary, thereby reducing the degree of accuracy of the stress caleu- 
lations. Fig. 19 shows that, by using the second exponential 
profile, the designer practically obtains the “modified” hyper- 
bolic disk without being forced to abandon the basis of a reliable 
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stress analysis. This consideration once more demonstrates the 
- technical importance of the second exponential profile. It leads 
to the conclusion that, while the hyperbolic disk represents a 
theoretical limiting profile with regard to the important question 
of uniformity of the stress distribution, the second exponential 
profile very often will represent the corresponding actual limiting 
curve. This applies especially to the case of smaller bore diame- 
ters (see Fig. 19) where the exponential profiles differ considerably 
from each other. But even in the case of large bore diameters 
(see Figs. 3 to 6), the second exponential profile can be considered 
at least as a good guide with respect to the question of a satis- 
factory stress distribution at the bore. 

There will be perhaps another occasion later to discuss the 
problem of axial disk vibrations in connection with the problem 
of profile choice. 

In summarizing so far, the following characteristic features of 
the new solutions should be emphasized: (a) simple mathe- 
matical representation, (b) compliance with the principle of 
similarity, (c) practical use in profile-curve variation within the 
limits represented by the conical profile and the hyperbolical 
disk, (d) reliable representation of the “‘actual’’ hyperbolical disk, 
and (e) tendency toward uniformity of stress distribution 
at the bore. These features make the new solutions well adapted 
for purposes of practical disk design. 

Referring to the problem of design limits as stated by C. R. 
Soderberg, certain indications ccncerning the distribution of the 
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tangential stresses along the bore and their maximum amount at 
the middle plane (inner bore) of the disk have been given already 
in Appendix No. 1. If this maximum stress exceeds a certain 
limit, deformation processes of plastic character may be caused 
with the result that gradual changes will take place in the shrink 
fit. This is a question of entirely different nature and beyond the 
scope of this contribution. 

The problem of normal pressure on the shaft under static 
conditions admits of a simple solution. We have seen (Fig. 8) 
that the normal pressure p, between disk and shaft under these 
conditions is from 40 to 45 per cent of the tangential stress, o1, 
at the bore in overspeed conditions. The principal stresses in the 
shaft under uniform compression are, according to the solution of 
a well-known special case of the elastic problem ** o, = 0 in the 
axial direction and oz = oy = —p,r in any two directions in the 
cross-section of the shaft. If the problem of failure of the shaft 
under this uniform compression is judged from the standpoint of 
Mohr’s theory, we would have to consider the characteristic 
amount of (oz — os) = — oe) or, absolutely, '/2p,, as 
compared with the amount of !/30% in the case of the disk. In 
other words, according to Mohr’s theory, the shaft would be in 
twice as favorable a condition as the disk, provided the corre- 
sponding cases of failure are comparable with each other.** 


33 Loc. cit., A. E. H. Love, p. 144. 
‘‘Festigkeitsversuche, 


by Th. von. Kirmdn, Zeit, V.D.I., 1911. 
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This paper describes a new method of finding the sum of 
the principal stresses in a two-dimensional model by 
means of ordinate measurements on a stretched rubber 
membrane as suggested by J. P. Den Hartog. The method 
is applied in detail to a simple phenolite tension member 
with a central circular hole and is found to be easy of 
operation and to yield results of good accuracy. 


X YHILE the analytical theory of elasticity has wide 
applications in the solution of engineering problems, 
it becomes very complicated and laborious when em- 
ployed for investigating bodies other than those having the very 
simplest of geometrical shapes. It is because of this limitation 
of the mathematical theory that so much attention has been 
centered on photoelasticity as a method for determining the dif- 
ference in value between the two principal stresses at any point in 
a body of uniform thickness subjected to a system of loading in its 
own plane. Since this difference is equal to twice the shear stress, 
this analysis becomes very useful when the object to be investi- 
gated is ductile and fails according to the maximum-shear theory. 
Many of our machine parts, however, are hard and brittle and 
fail according to conditions predicted by the maximum-normal- 
stress theory. Therefore, paralleling the development of photo- 
elasticity there have been attempts to supplement its results by 
other methods, making it possible to obtain the sum of the prin- 
cipal stresses and hence from the two the individual principal 
stresses. The methods proposed have not been sufficiently ac- 
curate or simple in their execution to warrant their widespread 
adoption by engineers. In this contribution the authors apply 
a new procedure employing a membrane,? that they believe is 
both simple and accurate. This paper will consider those essen- 
tials of photoelasticity necessary for a proper explanation, give a 
general description of the membrane analogy and its technique 
and, finally, show its application to a typical problem. 


ESSENTIALS OF PHOTOELASTICITY 


The principle of photoelasticity was discovered by Sir David 
Brewster in 1816. He found that, when plane polarized light is 
passed through a transparent plate under stress, the polarized 
ray is broken up into two plane rays which vibrate in planes at 
right angles to each other and suffer retardation such that they 
are out of phase with each other by an amount proportional to the 
difference between the principal stresses. This phase difference 


1 Graduate students at the Harvard Engineering School, Cam- 
bridge, Mass. Mr. McGivern was graduated from Northeastern 
University with the degree of B.M.E. in 1928 and served as an in- 
structor there for the three following years. In 1931 he received the 
degree of Ed.M. from Boston University and in 1932 an M.S. from 
Harvard University. Mr. Supper was graduated from Ecole 
Speciale des Travaux in 1931 and was Stillman Fellow at Harvard 
University, 1931-32. He is now a member of the French Army. 

J. P. Den Hartog, Zeitschrift fir angewandte Mathematik und 
Mechanik, 1931, p. 156. 

Contributed by the Applied Mechanics Division and presented at 
the Annual Meeting, New York, N. Y., December 4 to 8, 1933, of 
Tae AMERICAN Society or MECHANICAL ENGINEERS. 
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Photoelasticity 
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causes interference effects so that if a stressed specimen is viewed 
with white light a pattern of color bands results, or if a mono- 
chromatic light source is used the result is a pattern of alternating 
black and white fringes. Since the optical law governing this 
behavior is dependent only on the elastic and optical constants 
of the material, its thickness, and the value of the difference of 
the principal stresses, and not on geometrical shape, it is possible 
to determine the stress difference value from either the color or 
the black fringe pattern. The calibration of the constants is 
done by taking a simple tension specimen and measuring the 
loads corresponding to the various color values or by using a 
simple beam subjected to a constant known bending moment. In 
the latter case the stress is calibrated for various points in the 
beam and then divided by the fringe order to give the stress-dif- 
ference value for each fringe. This value will of course vary with 
the material used and its thickness. For the tests described in 
this paper the most sensitive material existing, phenolite,* was 
used with a calibration of 264.3 lb per sq in. per fringe. 

In addition it is possible by pure optical methods to obtain 
the directions of the principal stresses as well as the value of 
their difference. This was discovered by Clerk Maxwell when 
he conceived the idea of using two polarizers having their axes 
at right angles and located on different sides of the specimen. 
By keeping the axes at right angles and revolving them together 
it is possible to obtain a series of black lines called isoclinics. 
Each one of these isoclinics has the property of being the locus of 
all points having the directions of their principal stresses the same 
as those of the setting of the axes of the polarizers. This follows 
since those rays which vibrate in the plane of the axes of the 
first polarizer cannot pass through the second polarizer, called the 
analyzer, as they have no component parallel to its axis and there- 
fore appear black. 

Since the maximum shear stress is equal to one half the differ- 
ence between the values of the two principal stresses and acts on 
a plane 45 degrees from the plane of the maximum stress, it is 
possible by pure optical means to determine both the magnitude 
and direction of the maximum shear stress. 

As stated previously, it is sometimes necessary for the engineer 
to know the values of the principal stresses P and Q individually. 
Knowing the value of (P — Q) from photoelasticity, the usual 
procedure is to find the value of (P + Q) by some other method 
and then to determine the values of the individual stresses P and 
Q separately. 


Various METHODS FOR OBTAINING P aND Q SEPARATELY 


In 1914 Coker proposed a procedure which was originally sug- 
gested by Mesnager and consists of determining the sum of the 
principal stresses, (P + Q), by measuring the lateral contraction. 
By means of this measurement, together with a knowledge of 
Poisson’s ratio and Young’s modulus, the value of (P + Q) can 
be determined at any point. This method has one serious disad- 
vantage, however. This is that the deformations to be measured 
are so small that in practise reliable results are very improbable. 

3 Developed by Z. Tuzi, see “‘A New Material for the Study of 


Photo-Elasticity,”” Scientific Papers of the Inst. of Phys. and Chem. 
Research, Tokyo, vol. 7, Oct., 1927; also Proc. Third Intern. Congress 
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A method of graphical and numerical integration based on the 
equations of Mesnager was developed by Filon.t The calcula- 
tions are started at a boundary where P and Q are known and 
then continued along a stress trajectory, which is a line having the 
principal stress cross as tangent and normal at each point. The 
stress trajectories can be obtained graphically from the isoclinics 
but the whole procedure is very long and tedious as well as quite 
inaccurate in certain regions of the object. 

A third method originated by Favre® is a purely optical one. 

it requires the use of an interferometer and consists of breaking 


For the distribution of (P + Q)® 
+ Q) + Q) _ 
Ox? oy? 


In order to have a complete similarity it is only necessary to 
satisfy the same boundary conditions. Since the boundary 
values of (P + Q) can be obtained from photoelasticity, we have 


up the original plane-polarized ray into two parts, one passing 


only to make the boundary ordinates of the membrane propor- 
_ through the stressed specimen and the other dodging around it. 


tional to the (P + Q) values in order to have complete similarity 
between the (P + Q) values and the z values of the membrane 
in the interior of the specimen. 

Some care has to be exercised in evaluating the sign of (P + Q) 
at the boundary. If the signs at the boundaries are not ap- 
plied correctly, serious errors can be made. This point will 
be discussed in detail in the next section. 

The requirement of a membrane as it is assumed in the deriva- 
tion of Equation [1] is that the stress in tensionis always constant 
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a If the plane of the polarized light at a certain point of the speci- 
men is parallel to its principal stress direction, the retardation of 
_ that ray is proportional either to P or to Q. Thus the two prin- 
cipal stresses are determined independently by comparing their 
retardation with respect to the unaffected ray. The directions 
of P and Q for each point, however, must be determined first by 
the ordinary isoclinic method so that the angle of the polarizer 
can be set for finding the retardations of P or Q for a particular 
point. This method is not of great practical importance, as it 
requires very sensitive precision apparatus, a large amount of 
time and a very high degree of technical skill for its operation. 
The membrane method which is the subject of this paper re- 
_ quires a moderate amount of rather simple apparatus, gives re- 
sults with less work than any of the three foregoing methods 'of 
_ procedure and, in addition, is inherently more accurate. 


34 GENERAL DESCRIPTION OF MEMBRANE ANALOGY AND APPARATUS 


‘Due to the fact that at the unloaded boundaries of the speci- 
_ men one of the principal stresses disappears, it is possible from a 
_ photoelastic photograph to evaluate (P + Q) along all free bound- 
aries since (P — Q) equals (P + Q). Now it so happens that 
the equation of the small ordinates of a membrane stressed with a 
constant tension and having the same pressure on both sides is the 
= same as the equation defining the distribution of (P + Q). This 
_ common equation is known as the differential equation of Laplace 
and is written for the two cases as follows: A. oh Gass 
For the ordinate z of the membrane® eRe Pie 
“On the Graphical Determination of Stress from Photo-Elastic 
_ Observation,” by L. Filon, Engineering, Oct., 1923. 
5 “Sur une nouvelle méthode optique de détermination des tensions 
intérieures,” by H. Favre, Publications du Laboratoire de Photo- 
élasticité de L’Ecole Polytechnique Fédéral de Ziirich, 1929. 


_ * For development see “Mathematical Theory of Elasticity,” by 
A. E. H. Love. 
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and independent of any change in shape. This condition would 
be satisfied fully by using a soap film where the tension is a func- 
tion only of the capillary constant of the film. Some investi- 
gators have succeeded in making soap films that have lasted for 
several hours but they require great care both in their making 
and their use. For this reason a rubber membrane was employed. 
With moderate care and protection from direct sunlight it will 
last for more than a month. If we select the scale of our bound- 
ary ordinates in such a manner that the tangent of the largest 
slope of the membrane will be one-fifth, the error introduced by a 
change in tension due to the change in shape is less than 2 per cent. 
In the derivation of Equation [1] it is assumed also that the angle 
of slope is sufficiently small that its tangent can be considered as 
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equal to its sine. The error due to this assumption also is on the 
order of 2 per cent and occurs in the soap film as well. 

The stated condition that the rubber membrane must be 
stressed with equal tension was fulfilled by ruling it into one-half 
inch squares and stretching it until the original small squares be- 
came one inch on each side. This was accomplished by fastening 
clamps, one inch wide, alternately around the edge of the rubber 
and fastening these clamps with strings to a large frame so that 
the membrane could be stretched until the original half-inch space 
between the clamps became one inch. The center portion of the 
rubber was then clamped between two permanent frames espe- 
cially made for that purpose. These frames are marked A in Fig. 
1. The boundary ordinates of the rubber membrane, as pre- 
scribed by the photoelastic test, are forced on it by a lower and 
an upper frame indicated by B in Fig. 1 and carrying celluloid 
inserts filed to the proper contours. 

The ordinate-measuring apparatus consists of a base plate, 
an overhead beam the support at one end of which slides on the 
base plate, and a drop michrometer arranged to slide along the 
beam. By means of scales on both the base and the beam it is 
possible to locate definitely any point (z, y) on the model and 
measure its height z. Fig. 1 shows the complete 
apparatus set up and ready for use. 


APPLICATION TO A DEFINITE CASE 
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stress is tensile and is equal to approximately three times the 
average applied stress. This maximum is located at the surface 
of the hole on the horizontal center line and is shown as point 4 
in Fig. 4. The maximum Q stress is approximately equal to the 


Fie. 4 Dtrecrion Propertiges or INNER BOUNDARY 


The specimen selected for applying the new tech- 
nique consisted of a simple phenolite tension mem- 
ber with a circular hole equal to one-half of its 
width centrally located in it. The fringe photo- 
graph for this model is shown in Fig. 2. On ac- 


count of spherical aberration, it is of importance 
that a network of squares be ruled on the original 
specimen and that this be photographed together 
with the (P 


Fie. 3 (P — Q) Stress SurRFACE 
(P — Q) stress'surface for one-quarter of the model. The photo- 
graph, Fig. 2, can be considered to be a civil engineer’s contour 
map of the surface shown in Fig. 3. 
Since the P stress was taken as the longitudinal stress at a dis- 


4 


Fie. 5 Stress DistripuTion ALONG INNER BOUNDARY 


average applied stress, is compressive, and is 
located at point 3 in Fig. 4. We know it to be 
compressive because in Fig. 3 (P — Q) is positive 
and P is equal to zero. An investigation of P and 
Q around the hole presents some interesting fea- 
tures, as can be explained by referring to Fig. 4. 
Along the lines 1-5, 5—4, and 2-3 in Fig. 4, the 
direction of the P stress is vertical and has a 
positive value except at point 3 where it is zero. 
The Q stress remains horizontal in direction along 
these same lines and is equal to zero at the points 
1,5, and 4. Considering the contour of the hole, 
it is seen that at point 4 the P stress has a defi- 
nite value and the Q stress equals zero, while for 
point 3 the reverse is true. Along the circular 
contour of the hole the stress cross is tangential 
and normal so that in moving from point 3 to 
point 4 the cross turns through 90 degrees and, 
if nothing particular happens, the P stress which 
is vertical at 4 would become nearly horizontal 
near point 3 which is inconsistent. 
In order to avoid this it is necessary to reverse 
the meaning of P and Q at some point between 
3 and 4. This naturally can happen only at a 
point where both these stresses become zero. 
This very important point is denoted by the letter 
A in Fig. 4, while Fig. 5 illustrates the relation 
still more plainly. The directional properties of this singular 
point of zero stress, A, located approximately at 36 degrees from 
the vertical centerline will be best understood when we refer to 
the isoclinic and stress trajectory diagrams shown in Figs. 9 
and 10. 
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Fie. 10 Stress TRAJECTORIES 


Now we can proceed to the finding of the (P + Q) 
values along the boundaries from the known values 
of (P — Q) in Fig. 3. Along the outside bound- 
aries Q = 0 and therefore (P + Q) = (P — Q) 

without further difficulty. The same is true at 
fad “4 ran - point 4 of the circular inner boundary or, for that 
ss matter, at any point between 4 and A. However, 
at point 3 we have a different situation. Here P = 

QO and Fig. 3 shows that (P — Q) is positive so that 

Q must be negative. Consequently (P + Q) is 
also negative and equal in numerical value to 
(P—Q). This reversal of sign between (P + Q) 

and (P — Q) holds for the whole boundary between 
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Fig. 5. The value and the sign of the boundaries having been 
settled on, it is an easy matter to lay them out, attach them to 
their respective frames, and by means of the set-up shown in 
Fig. 1 foree them on the rubber membrane. The ordinates 
measured on the membrane surface thus formed are shown in 
Fig. 6. 

The resulting (P + Q) surface of Fig. 6 on first sight does not 
appear very different from the (P — Q) surface of Fig. 3 with the 
exception of the change in sign at the boundary from A to 3. 
There are, however, two regions lettered B and C on Fig. 3 which 
do not appear in Fig. 6. Point B indicates a “‘saddle point” in 
the (P — Q) surface. If we proceed in a longitudinal direction 
through this point, we go through a maximum (P — Q) value 
while if we travel transversely through it a minimum (P — Q) 
value is passed. This point B is of importance in interpreting 
the fringe order and is easily recognized on the fringe photograph 
of Fig. 2. Point C indicates a bowl in the surface and a minimum 
value of (P — Q) is obtained irrespective of the direction one 
passes through it. This point is also easily recognized in Fig. 
3. It is interesting to note that it would be impossible for any 
(P + Q) surface to contain a bowl or a hill top since its differen- 
tial equation requires that the sum of the two principal curva- 
tures through a point must always be equal to zero. It is this 
characteristic that makes it possible to distinguish between a 
(P + Q) and a (P — Q) stress surface at first sight. 

Having cataloged the values of (P — Q) and (P + Q) it is an 
easy matter to solve for P and Q separately. The P stress sur- 
face and the Q stress surface are represented in the Figs. 7 and 8 
respectively. The P stress surface does not vary appreciably from 
either the (P — Q) or the (P + Q) surfaces except in the region 
from point A to point 3 near the edge of the hole. This simi- 
larity is due to the small values of Q except in the region indicated. 
Since the Q stress is so small, its ordinate scale in Fig. 8 was taken 
double that of Fig. 7. The P stress diagram makes it possible 
to apply a static check on the analysis in as much as the area 
under the curve at the center section between 4 and 5 in Fig. 4 
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should equal the area under the curve at a considerable distance 
from the hole, between 1 and 2 in Fig. 4. 

Fig. 9 shows the isoclinic lines which were determined by the 
usual method. These lines show the significance of the singular 
point A by the fact that all the isoclinics pass through it. From 
these isoclinics the stress trajectories shown in Fig. 10 were drawn. 
There are two “singular trajectories,” one represented by a heavy 
full line which shows the change in the direction of the P stress 
at A and the other represented by a heavy dotted line represent- 
ing the change in the direction of the Q stress at A. 

The behavior in the immediate neighborhood of A naturally 
is not affected by the width of the plate. Since an analytical solu- 
tion is available for an infinitely wide plate, it is possible to solve 
for the angle that the principal stress makes with the radius. 
The tangent of twice this angle was reduced to a linear function 
of both the angular displacement from the singular point and the 
ratio of the radii of the point in question to the radius of the 
hole. This made it possible to show the detail in the region of 


point A in Fig. 10. The trajectories as given in Fig. 10 differ 
appreciably from those published by Coker on page 968 of the 
December, 1920, issue of the General Electric Review. 


Rosert Vicror Baup.’ By solving the stress-field problem 
by means of the membrane analogy the edge stresses from photo- 
elastic tests are required as a basis. For known reasons these 
stresses are most likely the least accurate and consequently all 
results for points inside become inaccurate to the same extent. 
Furthermore the problem must be such that for the complete 
contour both principal stresses are determinable, either photo- 
elastically or on the basis of theoretical considerations. This 
restricts the field of application of the membrane-analogy method 
as discussed in this paper to a limited number of special cases. 


7 Mechanics Division, Research Laboratories, Westinghouse Elec- 
tric & Manufacturing Co., East Pittsburgh, Pa. 
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Oil-Film Whirl—A_ Non- Whirling Bearing 


The shafts of turbines, generators and other high-speed 
machines run in journal bearings on films of oil so that 
there is no metal-to-metal contact between the journal 
and the bearing. Although the bore of the bearing is 
only a few thousandths of an inch larger than the diameter 
of the journal the oil film supports the rapidly rotating 
journal and holds it steadily in a very definite position 
within the bearing clearance. 

The position which the journal takes within the bearing 
clearance depends on the viscosity of the oil, the load on 
the journal, the speed of rotation, and the dimensions of 
journal and bearing. For example, if the rotation speed 
is only a few rpm the journal runs near the bottom of its 
clearance. At higher speeds the journal runs so that its 
closest approach to the bearing is at some point on the 
side opposite to that which it climbed at starting. For 


HE phenomenon of what has been termed shaft whipping 

due to oil action in journal bearings? is a whirling or vibra- 

tion which develops when a rotor on journal bearings runs 
at approximately twice the critical speed of the shaft or at any 
higher speed. The whirl or vibration occurs at the resonant 
frequency which, in cycles per minute, is equal to the revolutions 
per minute at the critical speed. Thus the shaft builds up a 
resonant vibration or whirl when running at a number of revolu- 
tions per minute equal to, or greater than twice the resonant 
frequency. The stimulus which builds up and maintains the 
vibration lies in the oil film in the bearings. This was proved by 
shutting off the oil supply. As the oil ran out of the bearing 
the whirling ceased and it built up again when the oil supply 
was restored. 

It was found that rotors did not develop this whirl when run 
on friction damped spring bearings and that increasing the unit 
loading of the bearing prevented the whirl up to speeds somewhat 
above twice the critical speed. An obvious means to escape the 
difficulty in commercial design is to make the rotor of such stiff- 
ness that the critical speed is more than half of the running speed. 

The phenomenon has since been observed in commercial ma- 
chines and all three of the expedients above mentioned have been 
used successfully at one time or another to combat it. With 
higher journal peripheral speeds the action of the oil film seemed 


1 Research Laboratory, General Electric Company. Mem. 
A.S.M.E. Dr. Newkirk was graduated from the University of Minne- 
sota in the classical course. After some graduate work there in 
physics and mathematics he studied at the Universities of Munich 
and Géttingen, Germany, and later became associate professor of 
mathematics and mechanics in the College of Engineering of the 
University of Minnesota. He entered the Research Laboratory of 
the General Electric Company in 1920. 

? Research Laboratory, General Electric Company. Mr. Grobel 
was graduated from the University of Minnesota in 1924 with the 
degree of B.S. in Mechanical Engineering. Since graduation he has 
been with the General Electric Company, from 1925 to the present 
time in their Research Laboratory. 

’“Shaft Whipping Due to Oil Action in Journal Bearings,” by 

L. Newkirk and H. D. Taylor, General Electric Review, Aug., 1925, 
p. 559. 
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very high speeds the same journal runs nearly centered 
in the bearing clearance. 

Observation and experience teach that in general the 
oil film forms a very steady support for the journal and 
that it even exerts a dashpot action opposing outside dis- 
turbances that would cause the shaft to vibrate. This 
remarkable stability, however, has been found to be sub- 
ject to a notable exception. When a shaft runs at twice 
its critical speed or at any higher speed the equilibrium 
between the load and the lift of the oil film becomes un- 
stable, the journal moves in a minute spiral of increasing 
radius, and the whole shaft picks up a whirling motion. 
The whirl has the natural frequency of the shaft and the 
motion is one of resonance. 

This paper deals with a laboratory study of oil-film whirl 
phenomenon and describes a means for combatting it. 


to be less easily suppressed by increased unit loading or by spring- 
supported bearings. 

Some time ago this study was taken up again with a new ap- 
paratus built for study of this phenomenon as it develops with 
higher journal speeds. The highest speed of the previous in- 
vestigation was that of a 17/s-in. journal at 5000 rpm. In the 


Lower Ha/f - 


Depth 0.030 in. 
to 0.070 in. 


Rotation 


> 
Rotation 
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new apparatus a 2-in. journal was run at ‘more than 30,000 rpm, 
giving a journal peripheral speed of 16,000 fpm. 

An object of the study was to develop if possible a system of 
grooves in the bearing that would control the behavior of the oil 
film so as to prevent development of the whirling phenomenon. 
Figs. 1 and 2 show developed bearing surfaces with systems of 
grooves that proved most satisfactory. Oil enters at the hori- 
zontal joint on the downgoing side of the journal. Some of the 
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oil is pumped by action of the shaft through the central pe- 
ripheral groove to the dam at the end of the groove where con- 
siderable hydrodynamic pressure builds up, especially if the pe- 
ripheral speed of the journal is high. The upper half of the bear- 
ing fills up with oil and the axial grooves in the upper half of the 
bearing (Fig. 1) distribute the pressure. If the load on the bear- 
ing is sufficient to insure downward pressure under all circum- 
stances the lands in the upper half may be omitted (Fig. 2). 
Thus the bearing is kept full of oil so that air is not drawn in at 
any point and a considerable downward pressure is exerted on 
the journal by the oil in the upper half of the bearing. The 
downward load on the journal due to the oil pressure developed 
in the upper half of the bearing is not sufficient to account for the 
nonwhirling characteristic of our bearing by the increased load- 
ing of the journal alone. In other words a bearing of conven- 
tional design with external loading on the shaft equal to the load 
produced by the oil pressure in the upper half of the new bearing 
will still whirl. 

The weights of the rotors used in most of these tests imposed 
a load on the bearing of negligible amount. The whirling char- 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


imply resistance to vibration stimuli but simply that the stimulus 
to whirling does not develop because of the action of the oil film. 
In fact an exception must be made even to this narrowed claim, 
inasmuch as rotors with very heavy and relatively long over- 
hangs mounted on bearings of this design do develop the whirl 
at a somewhat increased speed. This exceptional case will be 
discussed later. 

Fig. 3 shows the development of hydrodynamic pressure along 
the peripheral groove as a function of the angular distance from 
the point of entrance of the oil. Fig. 4 shows the variation in 
pressure developed at the dam as a function of journal speed. 

The oil is supplied to the bearing with a pressure of five or ten 
pounds per square inch to cause it to enter in sufficient quantity. 
There is no passage provided for oil exit, consequently end leak- 
age carries away all the oil that passes through the bearing. It 
is essential that the bearing run full of oil. The amount that 
must be supplied depends, therefore, on end leakage which in 
turn depends on bearing diameter, clearance, pressure developed 
by the pumping action of the journal, and viscosity of the oil. 

The bearing functions well throughout a range of clearance. 
Excessively small clearances result in overheating at high speeds 
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| 0 dson as would be the case with any bearing. A clearance of 2.5 parts 
5 ‘ - ; per thousand proved satisfactory for the two-inch journal up to 
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acteristic is therefore avoided in bearings of this design with a 
shaft substantially without external loading, and with a pe- 
ripheral journal speed of 16,000fpm. Some hydrodynamic pres- 
sure develops in the lower groove so that the oil pressure increases 
continuously from the point of entrance of the oil to the dam. 
This groove in the lower half serves also to reduce the lifting 
power of the oil film in the lower half of the bearing by dividing 
the bearing surface into two sections and doubling the total effec- 
tive end-leakage area besides shortening the leakage path. 

The bearing has been called ‘‘non-whirling.” This does not 


1.50 parts per thousand are presumably satisfactory. Larger 
clearances result in an excessive amount of oil passing through 


the bearing. This oil is pumped up to considerable pressure 


within the bearing and then discharged with correspondingly 
increased power consumption. Fig. 5 shows the amount of oil 
supplied, together with the pressure developed at the dam in 
tests of the 2-in. journal at 30,000 rpm with a 5.5-mil diametral 
clearance. 

The grooves must be of ample capacity to carry oil enough 
to supply the end leakage and cause the bearings to run full. 
The circumferential grooves should have a cross-section from 2 
to 4 or more times the product of radial clearance and journal 
circumference. In the lower half the peripheral groove is narrow 
and deep. In the upper half operation has been satisfactory with 
depths from 20 mils to 70 mils. Depths of from 30 to 40 mils are 
satisfactory at the higher speeds. If the lands are omitted in 
the upper half and a very wide groove usd, the groove depth 
need not be decreased because of the greater width. 

Figs. 1 and 2 do not show the grooves at the ends of the bear- 
ings that are required to carry away the end leakage oil. Con- 
ventional means for this purpose are satisfactory but more than 
the ordinary bearing end-leakage oil must be taken care of. __ 
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journal at 3600 rpm. 


Some measurements of the power loss in the bearing were made. 


: With a 2-in. diameter journal and a bearing 2°/s in. long, having 
a clearance of 2.75 parts per thousand and using oil of 155 sec 


Saybolt viscosity (27 centipoises) at 40 C, the following values 


of power — in the bearing were observed. 


Oil feed. Oil, 
Rpm deg C Kw loss gpm 
15,000 35 2.3 
20,000 35 3.9 
25,000 35 6.2 
30,000 35 9.6 i 
20,000 , 50 3.1 1.5 
25,000 50 5.4 2.1 
30,000 50 8.7 3.2 
pry 60 2.9 
60 5.1 
30,000 = 60 8.3 


Tue EXPERIMENTAL APPARATUS 


The apparatus developed for this study has some points of 
interest. A fundamental requirement was that the peripheral 
speed of the journal should be at least as high as that of a 12-in. 
It was necessary also that the mounting 


be so rigid that resonant vibration would not develop in any of 


its parts at speeds within the range to be studied. One shaft, 
No. 1, had its critical speed 
above the range to be studied 
and another shaft, No. 2, had 
its critical speed considerably 
less than half the maximum 
speed to be studied. Most 
of the work was done with 
these two rotors. At a later 
date No. 2 was modified by 
adding a bell-shaped mass to 
the overhanging end and a 
third rotor was made with a 
long, heavy overhang. 

The journal diameters were 
2 in. (51 mm) and a speed of 
30,000 rpm gave a journal 
peripheral speed of 15,700 ft 
(4785 m) per minute. The 
journal lengths were 2°/s in. 
(66 mm) for rotors Nos. 1 
and 2, and 6 in. for No. 3. 
A 25-hp, 3600-rpm, d-c motor 
shunt wound, with a 10 to 1 
spur-gear train was used for 
driving and the speed was 
controlled by varying the 
armature voltage. Shafts 
Nos. 1 and 2 are shown in 
Fig. 6. The longer one has a 
critical speed at 8500 rpm, and 
no other critical speed below 
30,000 rpm. Both shafts have assemblies of punchings near the 
2-in. bearing. These were used with a pair of electromagnets 
to load the shafts. Loads up to 400 Ib (180 kg) could be applied. 
At the flanged end of each shaft a small plain journal bearing 
(7/sin. X 11/2 in.) and a ball bearing were used interchangeably. 
The coupling with the driving shaft was accomplished by lacing 
a light linen cord through holes in the two adjacent flanges on the 
driving spindle and the driven shaft, respectively. 

The bearing standards were made of steel plates 2*/; in. thick 
and the main standard was approximately 14 in. wide. The 
standards were set on a heavy steel plate which was solidly 
grouted in on a concrete base on the concrete floor of the labora- 


Fie. 6 SHarts ror HieuH 
BEARING TESTS 
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The apparatus was housed to confine the oil. No effort was 
made, however, to confine the oil within the bearing housings. 
Oil was supplied by a gear pump. A cooling coil and a heating 
coil were used to control the temperature of oil entering the bear- 
ing. Fig. 7 shows the apparatus with the longer shaft in place 
and the upper part of the housing removed. 

To observe accurately the behavior of the journal under the 
action of the oil film the short shaft, No. 1, was provided with a 
stiff projection, the end of which was observed with a 
microscope while the shaft was running. Movements of the 
journal were amplified by the shaft extension 1.7 times at the 
pointer tip. To increase the refinement of observation the tips 
of the points were provided with recesses into which 1/1. in. 
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Fie. 8 Suarr ror Hieu-Sreep BEARING TESTS 


(Enlarged view of ball holder.) 


(1.6 mm) steel balls were set and centered with small screws. 
Fig. 8 shows this considerably magnified. These balls acted as 
convex mirrors of small radius to give a virtual image of the cra- 
ter of a small direct-current are lamp placed about 10 ft (3 m) 
away. This image was only about one-ten-thousandth inch 
(0.0025 mm) in diameter. Since the diameter of the ball is small 
compared with the distance from the light source the position of 
the virtual image relative to the ball center changes very little 
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with small movements of the ball and the observed movements 
of the image represent with great fidelity the movements of the 
shaft tip and of the journal in the bearing. 

A combined microscope and camera was used to observe and 
record the motion of the pointers. The magnification on the 
photographic film was 18 diameters. Applied to movements of 
the journal when the shorter shaft was used the power would be 
30 diameters. One division of the scale which shows in some of 
the photographs represents 1.8 mils (0.045 mm) at the ball and 
1 mil (0.025 mm) at the journal. 

When the shaft is whirling or vibrating the image of the light 
source moves and leaves a track on the photographic film. On 
account of the retention of the image by the eye a track of light 
is observed visually also through the microscope. The arrange- 
ment of shutters is such that the image may be focused and cen- 


Fic. 9 Set-Up ror OBSERVING AND PHOTO- 
GRAPHING COMPRESSOR-IMPELLER-SHAFT VIBRATION 


tered in the field visually and photographed immediately by 
operating two shutters. Fig. 9 shows the microscope and camera 
set up before a small compressor. The microscope was set with 
its axis in line with the shaft axis and the beam of light from the 
arc lamp made a small angle with this axis. 

The shortest exposure obtainable with the shutter was '/¢o sec. 
This corresponds to a complete revolution of the shaft at 3600 
rpm. At 30,000 rpm the shaft makes 500 revolutions in a second. 
Shorter exposures corresponding to less than a revolution at the 
highest speed were obtained by using a revolving disk 11*/, in. 
in diameter with a notch of definite length in its periphery. The 
disk was so placed and rotated that it cut off the light beam ex- 

cept when the beam was passing through the notch. The 
shutter was then set for an exposure shorter than the period of 
one revolution of the disk. In this way the image recorded on 
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the film represented the movement of the pointer while the notch 
in the disk permitted the beam of light to pass. 

With this equipment the behavior of both shafts in many 
bearings was observed and photographed. It is understood of 
course that shaft No. 2 would not behave as a rigid body when 
whirling or vibrating at a frequency near 8500 per minute (its 
natural frequency) or higher, and consequently would not indi- 
cate movement of the journal in its bearing while running at 
these high speeds. However, the ball at the end of shaft No. 2 
gives a sensitive indication of the whirling movement of the rotor 
when it occurs. Numerous photographs show movement at the 
tip of shaft No. 2 of less than one scale division total displacement 
(1 division = 1.8 mils at the ball) at speeds up to 30,000 rpm, 
with no load on the shaft except its own small weight. Fig. 10 
shows an example of these photographs made with shaft No. 2. 
With bearings of ordinary design this rotor breaks into violent 
whirling at speeds over 17,000 rpm. The numbers in Fig. 10 
represent the following conditions: 


Exposure Shaft speed, Magnetic load, 


number rpm lb 

31/3 15,000 0 
4 20,000 0 

25,000 0 

5 30,000 0 

6 25,000 — 400 

61/3 30,000 400 

(Shows bearing clearance) 


No. 7 was made by taking six separate exposures with shaft sta- 
tionary and the journal pulled by hand against the bearing in 
different directions. This gives a chart of the bearing clearance. 
Exposures Nos. 3!/2 to 6'/2, inclusive, all show images less than 
one-scale division in diameter and indicate very steady running 
of the rotor. 

Photographs of the vibrations and whirls are difficult to re- 
produce and discussion in detail of their features is not necessary 
for present purposes. Most runs were made with bearings of 
unusual proportions or grooves. With a conventional overshot 
bearing the stiff shaft, No. 1, ran true and in the center of its 
clearance up to 13,000 rpm with no load. 

With the non-whirling bearings the journal ran at a lower posi- 
tion in the bearing clearance at speeds above 15,000 rpm than it 


did at lower speeds. 


HEAVILY OvERHUNG RoTors 


A subsequent study was made to throw more light on the na- 
ture of the oil-film whirl, especially its early stages when a rotor 
running in equilibrium begins to build up the whirl. Experience 
with two rotors having relatively long and heavy overhangs de- 
serves mention because of its bearing on both design and theory. 

A bell-shaped part was shrunk on shaft No. 2. This mass was 
so designed that the center of gravity of the overhanging end‘of 
the shaft was at the '/,.-in. ball which serves to reflect the image 
of the are. The motion of the image, therefore, indicated the 
motion of the center of gravity of the mass. Fig. 11 shows a com- 
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bination microscope and motion-picture camera in position for 
observation and shaft No. 2 with its bell-shaped attachment. 


The critical speed of this rotor was 2030 rpm. The load at 
the main bearing was 59 lb. The distance from the center of 
gravity of the overhanging end to the bearing center was 1.2 
times the distance between bearing centers. This was run in a 
bearing of conventional overshot design 1*/s in. long with a clear- 
ance of 3 parts per thousand and with the oil mentioned previ- 
ously. It ran somewhat unsteadily from 4000 rpm up to 4500 
rpm. It began to whirl at 4500 
rpm. The whirl built up slowly 
around the equilibrium position 
of the center of gravity of the 
overhung mass, in the natural 
frequency of the rotor. The 
rate of increase in the energy 
of whirling was approximately 
0.005 watt in the early stages 
of development when the am- 
plitude of movement was only 
two or three mils. 

It was found that this rotor 
whirled feebly at speeds above 5000 rpm with bearings of the 
non-whirling design, the instability increasing very gradually 
with increasing speed. For further study of this matter a third 
shaft was made with a 6-in.-long bearing and a greater overhang. 
This is shown in Fig. 12. 

This rotor had a critical speed of 1025 rpm. The load at the 
main bearing was 115 lb and the overhang, measured from the 
center of the bearing to the center of gravity of the overhung mass 
was 1.3 times the distance between bearing centers. It whirled 
at 2600 rpm in a conventional bearing and with non-whirling 
bearings the whirling developed at 3000 rpm. The behavior 
was similar to that of the rotor with bell-shaped overhang in that 
the whirling built up gradually about the equilibrium position. 
In this case the overhang was greater, compared to the dis- 
tance between bearings, and the overhung mass was much heavier, 
thereby giving a lower critical speed. 


Fia. 12 


Fie. 11 Micro-Motion-Picrure APPARATUS SET- 


Up To OsseRVE SHAFT VIBRATIONS 


It appears that rotors with relatively long, heavy overhangs 
show a very positive development of the oil-film whirl which is 
somewhat reduced but not obviated by the bearing design de- 
scribed above. From the point of view of theory it appears also 
that rotors having the same critical speed are not necessarily 
equivalent in their whirling tendencies since rotors in the same 
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critical speed range but having their mass between the bearings 
do not whirl with these non-whirling bearings. 
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Tueorres oF WurrRLING Due To Om-Fium AcTION 


The phenomena of shaft vibration or whirling due to oil-film 
action have been discussed recently on the basis of hydrodynamic 
theory. 

Stodola‘ discovered indications in theory that “critical speeds’”’ 
may result from behavior of the oil film. The matter was ampli- 


Suart No. 3 ror H1GH-Speep BEARING Tests WiTH 42-LB WEIGHT SHRUNK ON 


fied and an experimental study was made by Charles Hummel, 
a pupil of Stodola’s. 

David Robertson of the University of Bristol has published a 
valuable paper on the phenomena of whirling.*® 

The Stodola theory expressly excluded any effect of shaft 
elasticity. The shaft of Hummel’s experimental apparatus was 
short and very stiff and operation was undoubtedly well below 
the critical speed. 

The theory is based on the equations for the half bearing. The 
conclusion is reached that below a certain speed limit of shaft 
rotation the journal is supported by the oil film in stable equilib- 
rium. When the shaft is running at any speed below that at 
which equilibrium becomes unstable, resonant vibration should 
build up due to the quasi-elastic behavior of the oil film if a peri- 
odie disturbance acts with the appropriate frequency. At two 
definite speeds the appropriate frequency is equal to the rotation 
frequency and consequently unbalance of the rotor acts to build 
up resonant vibration. Such speeds are therefore critical speeds 
due to oil film behavior. When the speed is increased above the 
critical value the vibration amplitude decreases. 

According to the theory, the position of equilibrium of the 
journal in the bearing approaches the bearing center as speed 
increases, and the equilibrium becomes unstable if the distance 
between bearing center and journal center becomes less than 
about two-thirds of the radial bearing clearance. Hummel re- 
ports that his shaft did not run smoothly above the calculated 
limit of stability of the oil film. 

The speed at which theoretical instability sets in depends on 
unit load, bearing clearance, peripheral speed of the journal, and 
oil viscosity. For our experimental shafts of very small weight, 
Nos. 1 and 2, the calculated limit of stable running is only a few 
revolutions per minute. Even when the bearing was loaded by 
the attraction of the electromagnets acting on the punchings 
which were mounted on the shaft (a non-massive load) the jour- 
nal ran nearly central in the bearing at the higher speeds. Con- 
sequently our experiments have been made in a field where theory 


4“Kritische Wellenstérung Infolge der Nachgiebigkeit des Oecel- 
polsters im Lager,’’ by A. Stodola, Schweizerische Bauzeitung, vol. 
85, p. 265. 

5 “‘Kritische Drehzahlen als Folge der Nachgiebigkeit des Schmier- 
mittels im Lager,” by Charles Hummel, Forschungsarbeiten, V.D.I. 
Heft 287, 1926. 

6 “Whirling of a Journal in a Sleeve Bearing,” by David Robertson, 
The London, Edinburgh, and Dublin Philosophical Magazine and 
Journal of Science, ser. 7, vol. XV, Jan., 1933, p. 113. 
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indicates instability. The earlier studies were made with heavier 
shafts but in those cases also the speeds at which whirling de- 
veloped were well above the limits of stable operation indicated 
by the Stodola theory. 

Stodola points out‘ also that the theory of a full circular bear- 
ing indicates that whirling would build up if the conditions of 
clearance, load, speed, and oil viscosity are such that the journal 
center approaches the bearing center. This does not explain our 
oil-film whirl, however, since our journals run steadily at definite 
locations near the bearing center up to the speeds at which reso- 
nant whirling starts. 

It is interesting to note that in both of the theories cited, in- 
stability is indicated when, as in the case of light unit loading, the 
equilibrium position of the journal approaches the bearing cen- 
ter. We have found that with heavy unit loading, which causes 
the journal te run in a lower position in the bearing, the lowest 
speed at which whirling develops may be considerably more than 
twice the critical speed of the shaft. In other words, heavy unit 
loading which acts against development of the oil-film whirl ap- 
pears also in bearing theory as a factor making for stability. 

The oil-film critical speeds of the Stodola theory are apparently 
not related to our oil-film whirl since our whirl occurs only with 
an elastic shaft, the frequency is determined by the shaft rather 
than the oil film, and for other obvious reasons. The instability 
of the oil film indicated by theory may however have a bearing 
on the matter inasmuch as the conditions for theoretical insta- 
bility are satisfied when the oil-film whirl builds up. 

Dr. Robertson’s discussion is based on the theory of the full 
bearing. It is assumed that the journal is rotating about-its own 
axis and whirling about the center line of the bearing. His theory 
explains the whirling of a vertical rigid rotor at a whirl frequency 
equal to half the running speed. 

The conclusions regardirg the horizontal rotor throw light on 
the force which maintains the whirl after it has developed to 
such an extent that the journal whirls substantially about the 
center line of the bearing. With horizontal (loaded) journal 
bearings, the whirl starts very gradually about the equilibrium 
position of the journal and in the natural frequency of the rotor. 
Dr. Robertson’s theory does not account for the early stages of 
the whirl. After the whirl has built up to a large magnitude so 
that the journal whirls about the bearing center, the stimulus 
is represented, qualitatively at least, by the force Fr, of Dr. 
Robertson’s equation 4.25. 

Dr. Robertson’s theory does not account for the start of the 
oil-film whirl when a shaft is restrained from whirling while it is 
brought up to a speed more than twice critical speed and then 
released. 


ORIGIN AND DEVELOPMENT OF THE WHIRL 


Since the whirl is a resonant movement having the frequency 
of the rotor, the elastic properties of the rotor must be a major 
factor from the beginning. The whirl must start with a dis- 
turbance of the rotor and build up by energy fed back by the oil 
film. The action in detail must be as follows: 

The beginning must be a disturbance of the rotor causing it 
to vibrate in its natural frequencies. Disturbances are caused 
by building tremors, neighboring machines running out of bal- 
ance and by the unbalance of the rotor itself. It is not necessary 
to assume that such disturbances have the frequency of natural 
vibration of the rotor. Any shock or distortion sets up tremors 
in the natural frequencies of the distorted body. 

Any plane vibration of the rotor in its natural frequency is 
quickly converted into a whirl of the same frequency by the ac- 
tion of the oil film. This occurs as follows: 

The vibrating rotor causes corresponding movements of the 
journal. Movements of the journal change the bearing reaction 


q.° 


of the oil film. When the journal is displaced from its equilibriura 
position and moving, the resultant of load and bearing reaction 
is not zero and undoubtedly it is not directed exactly toward the 
equilibrium position of the journal. Consequently the journal 
does not return to its equilibrium position, and a plane vibration 
of the rotor is thus converted into a journal whirl in the natural 
frequency of the rotor. 

When the journal is whirling in a minute spiral about its equi- 
librium position, the resultant of load and oil-film reaction un- 
doubtedly has at any instant a component tangential to the di- 
rection of motion. When such a component is in the direction 
of motion the whirl builds up and the journal center spirals 
outward. When the tangential component is in the opposite 
direction the journal spirals inward and the whirl dies out. Such 
a tangential component must vary from point to point of the path 
of the journal whirl and it may change sign in the course of one 
whirl. However, if the integrated effect of the tangential com- 
ponents of the bearing reaction adds energy to the whirling mo- 
tion of the rotor, the whirl of the journal builds up. This whirl 
in turn, since it has the shaft frequency, builds up the whirl of 
the shaft. We have therefore a sensitive feed-back system when- 
ever the integrated effect mentioned above is in the right sense. 

It appears that this integrated effect increases the energy of 
the whirling motion provided the speed of rotation is, in general, 
twice or more than twice the whirling speed, otherwise such in- 
tegrated effect is in the opposite sense. This condition may be 
expressed in the following form: 


fs >0 when w >dwe 


Pe jf: represents the tangential component of the resultant 
force acting on the journal, w represents the speed of rotation of 
the shaft, w. represents the whirling speed, and a represents some 
number, approximately equal to 2 in the cases studied and covered 
in this paper. 

Since the incipient vibration of the rotor mass is of very small 
amplitude, and since an elastic shaft intervenes between the mass 
and the journal, the first movements of the journal out of its 
equilibrium position must be very minute but even these minute 
displacements arouse the component of the restoring force of the 
oil film that builds up the whirling. 

While the journal whirls very near its equilibrium position 
in the early stages of the development, the whirl of the rotor 
mass may later build up to large amplitude so that the reaction 
at the bearing due to the centrifugal tendency of the whirling 
mass exceeds that due to the weight of the rotor. In this stage 
the tangential component of the oil film reaction is considerable 
since it supplies all the energy consumed in the whirl, which in- 
volves energy-consuming deformations of the entire structure. 

For shaft speeds only slightly above twice the shaft critical 
speed the oil film stimulus is small and variable in sense, becom- 
ing larger and more positive at higher speeds. With a heavy- 
unit bearing loading the whirl does not build up unless the shaft 
speed is considerably higher than twice the critical speed of the 
shaft. In a speed range slightly above twice the critical speed 
of the shaft the whirl sometimes builds up somewhat and then 
dies out. 

It is well known that critical speeds, that is, speeds at which 
resonant vibrations of rotating shafts develop, are affected by 
elasticity of the bearing supports, such elasticity reducing the 
shaft critical speeds. We have made tests to determine whether 
or not such elasticity of bearing supports affects the whirling of 
the shaft due to oil film action. It appears, as would be expected, 
that such whirling starts at reduced speeds corresponding to the 
reduced critical speeds and that the frequency of the whirl is that 
of the reduced critical speed. 
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Finally, further tests showed that the feed-back effect is greater 

_ when the overhanging mass is relatively heavy and the overhang 

‘great. 

_ These remarks apply to all of the rotors used in our labora- 
tory study and to larger machines in the field. Critical speeds 
have ranged from 600 rpm to 8500 rpm. Bearing pressures 
have ranged from 1 |b per sq in. to over 200, and spe«is have been 
run up to 30,000 rpm, and 16,000 fpm. Shaft diameters have 
varied from one inch to twelve inches; bearing supports have 
_ been very rigid and again intentionally flexible. Bearing clear- 
ances have varied widely. Throughout this entire range of con- 
ditions a feed-back characteristic of the oil film has developed in 
general when the shaft speed has exceeded twice the speed of its 
whirling in the natural frequency. 

Studies based on hydrodynamic theory have not yet accounted 
for the early stage of the oil-film whirl. An explanation is needed 
_ of the energy input from the oil film to a minute whirling motion 
_of the journal about its equilibrium position, when the rotation 

speed is approximately twice the whirling speed or greater. 

Another shaft-whirling phenomenon was reported’ a few years 

ago. This is maintained by a different feed-back mechanism, 
namely, internal friction of the rotor, due to working of shrunk- 
on members. In such cases the whirl undoubtedly originates 
from shaft vibration. After the whirl is started the restoring 
force, due to shaft elasticity and cramping action of the shrunk- 
-on member, has a tangential component which is in the direction 
_of whirl if the speed of rotation exceeds the critical speed of the 
shaft. The whirl builds up, therefore, until the energy con- 
_ sumed in working of non-rotating parts of the structure and in 
increased bearing friction equals the energy fed back to the 
_ whirl by working at the fits on the rotor. 
The expression “shaft whirling due to action of the oil film” 
is cumbersome and unsatisfactory in other respects. The ex- 
_ pression “shaft whipping” is unsatisfactory also since the word 
“whip” is frequently and properly used to designate motion of 
-an overhung shaft. The name “‘oil-film whirl’ seemed more 
_ appropriate. If this is acceptable the whirling described in the 
1924 paper’ and called “shaft whipping” might be called the 
“cramped shaft whirl.” 
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Discussion 


RR. P. Kroon.® It has been brought out that the downward 
_load on the journal due to the oil pressure developed in the upper 
half of the new bearing is not sufficient to account for the non- 
_ whirling characteristic. If this is the case, would the authors 
_ be able to tell what particular change in the oil flow affects the ten- 
dency of the journal to whirl. It seems to be a fact that quite 
_ a few bearings in the field have been made “‘non-whirling” by our 
service department simply by scraping away part of the bearing 
area. A hydrodynamic theory, if adequate, would probably 
explain quite a few practical points in the behavior of the whirl 
_ which, until now, appear mysterious. 
In this respect the article,* “Whirling of a Journal in a Sleeve 
_ Bearing,” by Dr. Robertson which is mentioned in the paper is 
_ interesting. Dr. Robertson has attempted to attack the prob- 
=_" Whipping,” by B. L. Newkirk, G. EZ. Review, Mar., 1924, 
p. 
_ * Experimental Division, Westinghouse Electric and Manufactur- 
_ ing Company, South Philadelphia, Pa. Jun. AS.M.E. 


lem by a straightforward theoretical analysis but fails to come — : 

to conclusions which explain the physical facts. He is able to — ‘ 

find, for speeds exceeding twice the critical speed, a force on the 

journal normal to the eccentricity, in other words pushing the 

journal around, but states that the oil force along the eccen- 

tricity is zero when there is no radial movement of the journal 
center. This is obviously not in line with what experience has ; 
shown about any horizontal non-whirling bearing. After equat- . : 
ing the elastic force of the flexible rotor to the oil-whirl driving ; 
force, Dr. Robertson states that as the shaft speed is raised above 

twice its critical value, the eccentricity should decrease, and, at 

a certain limiting speed, the whirl should disappear. This is not 

what happens in the actual case, where the relations between the 

oil-whirl driving force and the damping are apparently such that 

the eccentricity usually increases with increasing speed. It 

seems, therefore, that a theoretical solution still has to be de- 

veloped. 


Davip Rospertson.* The authors are to be congratulated on 
finding a form of bearing which in most cases eliminates whirling 
at high speeds caused by the action of the oil in the bearings. 
It would add to the interest of their paper if they would reveal 
the process by which they arrived at the design shown. Were 
they guided by some sort of theory or did they merely make a 
lucky shot in a series of trials? 

They have certainly set some new problems to those who deal 
with the theory of lubrication because the ordinary statement of 
that theory will not account for the building up of the pressure 
all round a groove of constant depth, and will find some difficulty 
in explaining the stability which the new bearing gives. 

The two outer portions of this bearing completely surround 
the journal. Without allowing for the end leakage which, how- 
ever, is a very important factor with this bearing, we should have 
a maximum pressure in these rims at about 135 deg and a mini- 
mum at about 225 deg. It is probable that these rims re- 
ceive their oil by endwise flow from the groove between 180 deg 
and 300 deg and that the pressure inside the groove is sufficient 
to prevent the ingress of air to that low-pressure region from the 
ends of the bearing. 

Endwise flow evidently plays a very important part in the 
action of these bearings and it is doubtful whether any satis- 
factory quantitative theory can be built up for them. 

The force and couple transmitted by the shaft to each bearing 
must be balanced by the oil forces on the journal. Since the 
directions of the latter forces, and of the couple which they pro- 
duce, have some definite relation to the distribution of the journal 
eccentricity along its length, both in direction and amount, a 
steady whirl must correspond to some journal position in which 
this relation is stably satisfied. 

Working on these lines, the writer has studied several cases 
in which forces only, and no couples, act on the journals, and has 
made model experiments which give a general confirmation of 
the theoretical results arrived at. A paper on the subject is now 
in preparation but as it will not be ready for publication for some 
time a summary of the results may be given here. 

With very little or no lubrication, the friction between the 
journal and the bearing drives the journal center backward, and 
can maintain, and even start, a backward whirl which runs 
just below the critical speed, provided the shaft speed exceeds 
a certain limit which is only a fraction of the whirl speed. 

The whirl speed remains practically constant at all shaft speeds 
above that which corresponds to that of the journal when rolling 
around inside the bearing without slipping. 


* Professor, Electrical Engineering Dept., Merchant Venturers’ 
Technical College, Faculty of Engineering, University of Bristol, 
England. 
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With lower shaft speeds, the whirl speed adjusts itself to the 
rolling condition and, at a particular speed, it suddenly stops. 

As expected from the theory, the backward whirl ceases as soon 
as the bearings are filled with oil and cannot be restarted until 
most of the oil has run out. There was, however, one notable 
exception to this statement. 

With the model running vertically, hung from a ball bearing 
at its upper end and the bottom of the '/,-in. shaft in a 5/s-in. 
diameter bearing immersed in a pool of oil, the journal would not 
stay in the central position but would whirl forward in the man- 
ner already described from theory® by Dr. Robertson and men- 
tioned by the authors. This whirl was a very slow one, probably 
because the ball bearing offered a lot of resistance to that kind 
of motion and the oil forces would be quite small with such ab- 
normal bearing clearance. 

But to our surprise, a stable high-speed backward whirl could 
be started by plucking the shaft and occasionally it would arise 
spontaneously. Most unexpectedly, it was found to run at pre- 
cisely the same speed as it did when the bearing was dry, 
thus indicating that the angle of friction was the same in both 
cases. 

It still remains a puzzle how the forward or the backward 
whirl can be equally well maintained by the same bearing under 
the same conditions with no change whatsoever beyond the mere 
starting of the backward whirl. The one whirl requires a for- 
ward component and the other a backward component of the 
force acting on the journal center. 

In connection with this work, the writer has been making a 
fresh study of Newkirk and Taylor’s paper on shaft whirling* with 
the object of finding the cause of the whirling at high shaft speeds. 

He has come to the conclusion that the oil has two distinct 
actions, the first depending on the force exerted on the journal 
when it is eccentric but substantially parallel to the bearing, and 
the second arising from the couple tending to tilt the journal when 
it does not lie in that direction. 

In the paper already mentioned, it is shown that the first 
action of the oil completely explains the “oil resonance whirl”’ 
found by Newkirk and Taylor when the shaft runs just a little 
faster than twice its critical speed. It accounts for the whirl 
running at the critical speed and for its disappearance when the 
shaft runs too fast. 

The authors seem uncertain about the way in which this theory 
explains how the whirl restarts after the shaft has been steadied 
at the center of the bearing. Since the central position is un- 
stable, the least error in centering the journal or the slightest 
tremor from some external source is sufficient to start the journal 
on its outward journey. 

The second action of the oil probably accounts for the whirling 
at shaft speeds above the limit at which the first action ceases 
to be effective but the theory is still only in a nebulous state. 

When the journal moves away from its unstable central posi- 
tion, its two ends may move in opposite directions so that the 
journal assumes a tilted position and performs a conical whirl. 
Newkirk and Taylor observed this sort of motion in the bearing 
when it was free to move. 

The tilting of the journal throws the rotor out of balance but 
the unbalance rotates with the journal whirl, not with the shaft. 
Consequently, the rotor whirl it induces must also go at the same 
speed as the journal whirl. We may easily suppose that the mini- 
mum speed, at which the oil-pressure forces are sufficient to 
produce enough tilt, is often above that at which the first oil- 
induced whirl dies away. 

The eccentricity of the center of gravity of rotor which can be 
produced by tilting the journal within the limits set by the bear- 
ing clearance is much greater than that clearance. Hence the 
second oil-induced whirl may have a larger amplitude than the 
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first and the amplitude may be expected to grow as the shaft 
speed increases for this causes the oil forces to increase. 

Further, the journal of a horizontal rotor is already tilted by 
the deflection due to gravity and may, therefore, be expected to 
give the second oil-induced whirl at a lower speed than when it 
is vertical. 

All these conclusions agree with Newkirk and Taylor’s experi- 
mental results and may alse have some bearing on the present 
authors’ experience with rotors having a heavy overhang. 


C. Ricnarp SopEeRBERG.'° The phenomenon referred to as 
oil-film whirl appears to belong to an extensive group of vibra- 
tion phenomena, which may be called self-excited motions. It 
was covered by a separate paper" contributed by the Applied 
Mechanics Division, A.S.M.E., sometime ago and has proved to 
be of real practical significance in high-speed machinery. All that 
is needed is a vibrating system with “negative damping forces,”’ 
that is, reaction forces which act in the direction of motion. Dur- 
ing a few years, we have encountered several obscure vibration 
phenomena which, upon closer examination, appeared to belong 
to this class. The most representative group is governor hunting 
phenomena. 

In those instances when we have run into the oil-film whirl, 
we have succeeded in eliminating it by modifications of the oil 
flow to the bearing. Some years ago, we used to have a “round- 
hole” type of bearing in our turbo-generator test arrangement. 
They very frequently gave rise to oil-film whirl, which at one time 
presented a very baffling problem. It was eventually overcome 
by side relief of the bearings. Our standard bearing with a 
pronounced side relief and only 90- to 120-deg active support- 
ing arc has given rise to this problem in only a few rare cases 
which have been taken care of by detail modifications of the same 
nature. 

The paper presents a welcome addition to this obscure subject 
and the authors are to be congratulated on their very complete 
results. 


M. Sronz.'!*? The paper covers a very interesting and origi- 
nal research into a bearing problem that has had many exposi- 
tions during the past ten years or so. The authors’ experiments, 
leading to a practical method of reducing the whirling in bearings, 
form the type of investigation that is all too infrequent. 

As to the theories of shaft vibration as affected by bearing oil 
films, there is much that remains controversial however. As 
a result of Stodola’s and Hummel’s work mentioned in the paper, 
this discussor undertook an investigation of such phenomena on 
large power machines. Very sensitive electromagnetic instru- 
ments, measuring the position of the shaft in its bearings to an 
accuracy of 10-5 in. were mounted on the 9 in. X 18 in. bearings 
of a 10,000-kw, 900-rpm synchronous condenser. In this way 
the motion of the shaft in the hydrodynamic-force field was ob- 
tained accurately. At the same time, pedestal vibrations were 
measured with a Geiger vibrograph. Tests were run at various 
speeds from zero to 900 rpm and for perfect and poor mechanical 
balance. The results were briefly: (1) No relation between 
shaft motion and pedestal motion. The latter showed a reso- 
nance condition, for example, where none was revealed in the 
former. (2) Motions of shaft in the bearing were so large (0.003 
in.) that corresponding critical speeds should be very low, where- 


10 Manager, Turbine Apparatus Division, Westinghouse Electric 
and Manufacturing Co., 8. Philadelphia Works, Philadelphia, Pa 
Mem. A.S.M.E. 

11 “‘Self-Induced Vibrations,” by J. G. Baker, A.S.M.E. Trans., 
1933, paper APM-55-2. 

12 Mechanical Engineer, Westinghouse Electric and Manufacturing 
Company, East Pittsburgh, Pa. 
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as the actual pedestal critical speeds were practically as calcu- 
lated, not including the apparently very great flexibility in the 
film itself. This work will be published later. 

In Robertson’s paper, referred to by the authors, assumptions 
are made that far from represent the actual hydrodynamic con- 
ditions in bearings, such as, for example, that the equilibrium 
position of a shaft in a horizontal bearing is when the two center- 
lines are on the same level, etc. Admittedly, an accurate analy- 
sis of these phenomena is very complex—but there is much to be 
discarded and much more to be carefully scrutinized in the al- 
ready published works on the question. 


AutTHors’ CLOSURE 


In response to Mr. Kroon’s request for our views of the 
mechanism of oil-film behavior in our bearing we can only repeat 
the suggestions made in the paper that reduction of lifting power 
due to the central groove in the bottom, and downward pressure, 
increasing with increasing speed, due to oil pressure in the top 
seem to make for stability. A satisfying answer to this question 
must wait until the hydrodynamic equations are set up for this 
case and adequately discussed. 

It was stated in the 1925 paper that increased unit loading, 
accomplished by removing some part of the bearing area raised 
the speed at which whirling would develop. This might well 
prove a valuable help in cases of trouble in the field. 

Dr. Robertson inquires about the process by which we arrived 
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at the design shown. In the view that bearings of conventional 
design run with considerable air in the clearance in the upper 
half we thought a dashpot effect might develop if the upper half _ 
could be kept full of oil. The first forms of our bearing were _ 
designed to accomplish this. A reduction in the whirling ten- _ 
dency was noted and further modifications were made to perfect 
the performance of the bearing. Later a careful study was made 
with this bearing and with conventional bearings of the amplitude 
of critical speed whirling and of the rate at which vibrations die : 
out. It did not show any marked advantage for our bearing in 
dashpot or damping action. 

While the developments of Dr. Robertson’s theory are in- - 
teresting and suggestive the conclusions must be accepted with 
reservation because the theory of the full circular bearing which 
Dr. Robertson has taken as his basis leads to conclusions known : 
to be considerably at variances with observed behavior of : 
journals and oil films in bearings. 

The backward whirl has been observed in our work. A shaft 
may whirl at its resonant frequency in either direction if an 
appropriate tangential stimulus is present. Oil-film action and 
Coulomb friction act in opposite directions and either may 
maintain a whirl. 

Mr. Soderberg reports that side relief of the bearings has 
proved effective in overcoming whirling tendencies. We have 
found this helpful but not so effective (for example in the case ; 
of light, high-speed shafts) as the bearing now proposed. 
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Stress Concentration Produced by 


Holes and Notches 


The problem of stress-concentration effects, produced by 
holes and notches in bars under tension is, of interest to 
machine designers. The present paper describes photo- 
elastic tests and strain measurements to determine these 
effects more accurately than has been done heretofore, a 
more accurate extrapolation method being employed in 
connection with fringe photographs. Stress-concentra- 
tion factors thus determined were, in general, higher than 
these obtained by previous investigators. 
mathematical calculations 
checked these. 
are also given. 


ECAUSE of the importance in machine design of tension 
B members having holes, notches, or other discontinuities, the 

problem of the stress-concentration effects produced by 
them is of practical interest. This is especially true where fatigue 
conditions areinvolved, 
since as is well known 
in such cases the en- 
durance strength is 
markedly lowered by 
such “stress raisers’ 
even though the ma- 
terial be quite ductile. 
The problem has there- 
fore been receiving con- 
siderable attention in 
recent years.’ 

Such fundamental 
cases as those repre- 
sented in Fig. 1 are of 
importance in connec- 
tion with fatigue tests 
on grooved specimens 
or specimens having 

(b) holes. A review of the 
Bars Unper TENSION literature, however, 


In cases where 
were available, the tests 
Empirical equations for use in calculation 


Fig. 1 

1 Westinghouse Research Laboratories, East Pittsburgh, Pa. 
Mem. A.S.M.E. Dr. Wahl received his education at Grinnell 
College and Iowa State College, being graduated from the mechanical 
engineering course of the latterin 1925. He then entered the employ 
of the Westinghouse Electric & Manufacturing Company as a 
graduate student. In 1927 he received his M.S. and in 1932 his Ph.D. 
degrees from the University of Pittsburgh. Since 1926 he has been 
engaged at the Research Laboratories of the Company on problems 
of applied mechanics, particularly in the field of stress analysis. He 
was the recipient of the 1929 A.S.M.E. Junior Award. 

2 Westinghouse Research Laboratories, East Pittsburgh. Mr. 
Beeuwkes was graduated from the University of Washington in elec- 
trical engineering in 1930 and then took the mechanical design school 
course of the Westinghouse Electric & Manufacturing Company. He 
has since been working on questions of applied mechanics and the 
creep of metals in the Research Laboratories. 

3 “Stress-Concentration Phenomena in Fatigue of Metals,’’ by 
R. E. Peterson, A.S.M.E. Trans., 1933, APM-55-19. 

“Die Kerbe,” by F. Laszlo, Zeit. V.D.J., June 16, 1928, p. 851. 

“Die Kerbwirkung,” by A. Wewerka, Maschinenbau, vol. 8, p. 33. 

Contributed by the Applied Mechanics Division and presented at 
the Annual Meeting, New York, N. Y., December 4 to 8, 1933, of 
Tue AMERICAN OF MECHANICAL ENGINEERS. 


617 


| 


By A. M. WAHL! ano R. BEEUWKES, Jr.,? EAST PITTSBURGH, PA. 


failed to reveal accurate data on theoretical stress ini, 
factors for the complete range of variation of the ratio of the 
diameter, d, of the hole or notch to the width, w, of the bar, or 
d/w. An analytical solution for the case shown in Fig. 1(a) for 
values of the ratio d/w less than 0.5 was obtained by Howland‘ 
but no accurate experiments were cited to confirm the results of 
the calculations. A very rough agreement was obtained with 
some tests made by Coker® who also tested both cases of Fig. 1 


FINE 
SCRATCHES 


(a) (b) (c) 


using celluloid specimens. 
at the edge of the hole or notch where the maximum stress occurs 
the accuracy of his tests was not great. This was due to the fact 


Fic. 2 SHAPES OF SPECIMEN TESTED — = 


4“On the Stresses in the Neighborhood of a Circular Hole in a 
Strip Under Tension,” by R. C. J. Howland, Phil. Trans. Royal 
Soc. of London, A 229 (1929), p. 49. 

5 ‘The Effects of Holes and Semi-Circular Notches on the Distribu- 
tion of Stress in Tension Members,”’ by E. G. Coker, Proc. Phys. 
Soc., 1912-1913, p. 95. 

‘*Photoelastic and Strain Measurements of the Effects of Circular 
Holes on the Distribution of Stress in Tension Members,” by E. G. 
Coker, K. C. Chakko, and Y. Satake, Proc. Instn. of Engrs. and 
Shipbuilders in Scotland, 1919-1920, p. 34. 

“Stress Distributions in Notched Beams and Their Application,’’ by 
E. G. Coker and G. P. Coleman, Trans. Instn. Naval Arch., 72 
(1930), p. 141. 

“Stress Concentrations Due to Notches and Like Discontinuities,”’ 
by E. G. Coker and P. Heymans, Annual Rept. Brit. Assn. Advance- 
ment of Science, 1921, p. 291. 
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However, as Coker himself states, — 


Norte: Statements and opinions advanced in papers are to be 7 
understood as individual expressions of their authors, and not those __ 


of the e Society. 
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(a) Before Loading (b) After Loading ; | “a 
Fie. 3. Specimen W1TH HiGH Stress 


as developed by Tuzi,* Mesmer,® Frocht,'!® Solakian and Kare- 
litz,1! and Baud!* was applied. Tests were made on bakelite 
specimens of the shape shown in Figs. 1 and 2 to cover the 


that the compensation method was used to determine the stress, 
a method that is particularly difficult to use at a localized point of 
stress concentration. Coker’s results, nevertheless, were valu- 
able as a first attack on the problem. 

Tests using an extensometer were also made a long time ago 
by Preuss. These are again not as accurate as might be desired 
because of the finite gage length required and because of the lack 
of sensitivity in extensometers of short gage length. These tests, 
however, do represent an excellent pioneering attack on the prob- 
lem of photoelastic stress determination. 

More recentiy, since the present investigation was started, the 
case represented by Fig. 1(a) was studied photoelastically by A. 
Hennig’ using specimens made of optical glass. The results he 
obtained agree quite well with those obtained herein for values of 
d/w less than about 0.7. 

Because of the lack of accurate data on stress-concentration 
factors for these cases it was decided to make some additional 
photoelastic tests and strain measurements. The fringe method, 


*E. Preuss, Forschungsarbeiten (Mitteilungen iiber Forschungs- 
arbeiten), V.D.I., no. 126, 1912, and no. 134, 1913. 

7 “Polarisationsoptische Spannungsuntersuchungen am gelochten 
Zugstab und am Nietloch,” by A. Hennig, Forschung auf dem Gebeite 
Ingenieurwessens, V.D.I., vol. 4, no. 2, p. 53. 


complete range from d/w = 0 to d/w = 1. In addition some 
tests were made on a large steel specimen having a hole with a 
diameter almost equal to the width and of a size large enough so 
that accurate strain measurements could be made with Huggen- 
berger extensometers. 
Test SPECIMENS 

The types of test specimens used are shown in Fig. 2. It will 

8’ Z. Tuzi, Inst. Phys. and Chem. Research, Tokyo, vol. 8, p. 247, 
and vol. 12, p. 21. See also footnote 10, discussion to Dr. Frocht’s 
papers. 

® “Vergleichende Spannungsoptische Untersuchungen und Fliess 
Versuche unter Konzentriertem Druck,’”’ by G. Mesmer, Zett. fiir 
Technische Mechanik und Thermodynamik, V.D.I., vol. 1, nos. 2 and 3, 
Berlin, 1930. 

10 “*Recent Advances in Photoelasticity,” by M. M. Frocht, 
A.S.M.E. Trans., 1931, APM-53-11. 

“‘Kinematography in Photoelasticity,”” by M. M. Frocht, A.S.M.E. 
Trans., 1932, APM-54-9. 

11 ‘‘Photoelastic Study of Shearing Stresses in Keys and Keyways,” 
by A. G. Solakian and G. B. Karelitz, A.S.M.E. Trans., 1932, 
APM-54-10. 

12. R. V. Baud, Jour. Opiical Soc. Am., vol. 21, 1931, p. 119. 
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be noted that in each case the test piece was designed so that the 
stress was substantially uniform along a considerable portion of 
the specimen. By plotting the loads on the specimen against 
fringe order in the uniformly stressed portion, a calibration curve 
could be obtained thus permitting the determination of the stress 
per fringe for the material. In some cases a calibration bar in 
bending, such as employed by other investigators, was used but 
the results obtained in this manner were practically the same as 
those obtained by using the aforementioned method which was 
easier to apply in this case and which in our opinion was fully as 
accurate. The specimen shown in Fig. 2(c) permits the calibra- 
tion to be made at a higher stress in the straight portion without 
producing an excessive stress in the minimum section at the 
notch. 

On each of the test specimens fine scratches were made 
parallel to the axis of the specimen and in close proximity to the 
hole or notch. The purpose of these scratches was to permit the 
exact determination of the true edge of the hole or notch on the 
photograph. This was done by measuring the distance from the 
scratch to the edge of the hole or notch on the actual specimen 
using a microscope or a comparator. Then, knowing this dis- 
tance and the actual magnification, the location of the true edge 
could be accurately determined on the photograph. It was 
necessary to know this location accurately since in most cases the 
stress gradient near the edge was fairly steep and in consequence a 
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Fie. 4 Specimen Witu Practicatty No Stress 


great difference in the magnitude of the measured stress. In all 
cases, as will be discussed later, it was found necessary to extra- 
polate the stress difference curve to the true edge, which in each 
case was found to be slightly inside the apparent edge as shown 
by the photographs. (See Figs. 6 to 8.) 

The test specimens were prepared from specimens of bakelite 
annealed by a process similar to that used by Mesmer,? Frocht, !° 
and Solakian and Karelitz.1! It was necessary to select certain 
of the best pieces of bakelite for use in preparing specimens, since 
it was found that some of the samples retained residual stresses of 
considerable magnitude even after repeated annealing. This is 
in agreement with results obtained by Tuzi’ and indicates that it 
is of importance to get material suitable for annealing in order to 
obtain satisfactory results, particularly when high accuracy is 
desired. 

The test specimens were prepared by first annealing them and 
then machining them to size, care being taken to see that the final 
machining cuts were very light so as to introduce as little residual 
stress near the edge as possible. Precautions were taken also to 
carry out the photoelastic tests as soon as possible after comple- 
tion of the machining operation since it was found that in a short 
time, the specimens would develop an edge stress which makes 
the determination of the maximum stress very difficult, if not 
impossible. This is illustrated by Fig. 3 which shows two photo- 
graphs of a specimen, in the loaded and unloaded condition, and 
having the edge effect in both. The edge effect was produced by 
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rather heavy machining cuts and by allowing the specimen to 
stand a few days before testing. It may be readily seen that a 
sudden discontinuity in the stress near the edge such as exists in - 
this particular specimen would make an accurate extrapolation — 
of the stress curve to the true edge almost impossible. 

Fig. 4 shows two pictures of a specimen machined and tested — 
with these precautions in mind. It may be seen that by careful 
attention to these details such edge effects may be practically 
eliminated. The scratches mentioned previously are plainly 
visible both in these two pictures and the two shown in Fig. 3. _ 


PROCEDURE IN Makina TESTs AND DETERMINING RESULTS 


In carrying out the tests monochromatic light was employed, b: 
a mercury vapor lamp with an appropriate filter being used. 
The specimens were stressed at 3000 to 3500 lb per sq in. in the - 
most highly stressed portions. This is approximately the pro-— 
portional limit for the material. Photographs were then taken of | 
the fringes. A view of one of the specimens mounted in the 
photoelastic apparatus is shown in Fig. 5. Typical photographs 
of various specimens tested are shown on Figs. 6,7,and8. At the 
time of making the photographic exposures, a calibration curve to 
find the stress per fringe was taken by loading the specimen and | 
observing the fringe order of a uniformly stressed portion of the © 
specimen as mentioned previously. This curve in all cases was — 
found to be practically a straight line. 

In working up the results the mean stress at the minimum 
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section was determined from the known load and the dimensions 
of the test piece. The maximum stress was determined by 
plotting the fringe order against the distance from one of the 
scratch marks at the minimum section and extrapolating this 
curve to the true edge. Two typical curves showing these 
extrapolations are given in Fig. 9. In many cases, as for ex- 
ample in the case of Fig. 6, it was necessary to use a microscope 
since the fringes were very fine and close together. It was always 
found that one side of the specimen was stressed slightly higher 
than the other due to small eccentricities of loading, ete. To 


eliminate this effect in working up the results an oe value 


for the two opposite sides was taken. 


or TESTS 


For the case of the test specimens with holes, the test points 
obtained in this manner are shown by the small circles in Fig. 10 


EXTENSOMETER 
POINTS 


INSIDE O 
HOLE 


STRESS DISTRIBUTION AS 
MEASURED AT MINIMUM 
SECTION 


where the stress concentration factor, or ratio of maximum stress 
at the minimum section to the mean stress at this section, is 
plotted against the ratio d/w. The full line represents the mean 
of the test values. For comparison the calculated results ob- 
tained by Howland‘ are shown by the dotted curve, the experi- 
mental results of Hennig’? by the dot and dash curve and small 
triangles, those of Preuss* by the half-filled circles, and those 
calculated from tests made by Coker® by the heavy dots. It will 
be seen that the present test results closely check the mathe- 
matical results of Howland for values of the ratio d/w less than 
0.5. This is a confirmation of the relative accuracy of the 
method. They also check the experimental results of Hennig for 
values d/w less than about 0.7. The values calculated from the 
experimental results by Coker are, in general, considerably below 
the present results. This is due probably to the fact that he used 
the compensation method which is very difficult to apply right at 
the edge of a specimen and which tends to give an average value 
of stress near a localized point of stress concentration rather 
than the peak value. For this reason it would be expected 
that the test results thus obtained should be lower than the true 
values as is, indeed, the case. The fact that extensometer 
measurements require a definite gage length, and are not as 
accurate for small gage lengths, probably accounts for the dis- 
crepancy between the results of Preuss and the present results. 


The single point in Fig. 10 for a value of d/w = 0.97 represents 
a test on a steel model which will be described and discussed 
more fully later. 

A similar curve for the case of a notched bar is shown in Fig. 
11, the half-filled circles and heavy dots representing values 
calculated from tests by Preuss® and Coker.® Again it may be 
seen that for reasons mentioned previously, the present test 
curve for the most part lies considerably above the points ob- 
tained by Coker or Preuss. It will be noted that this curve 
tends to intersect the zero value of d/w at some distance below 
the value 3, namely 2.75. A value between 2 and 3 would be 
expected from theoretical considerations. It also approaches 
unity for ratios d/w near to 1, which also would be expected. 

The following empirical equations for the stress concentration 
factor K give results agreeing approximately with the test results: 
For a bar with a hole, under tension: 


K = 3— 3.13d/w + 3.76(d/w)* — 1.71(d/w)! 


For a bar with a notch, under tension: 


= 2.75 — 2.75d/w + 0.32(d/w)? + 0.68(d/w)3.... [2 


Fic. 13 Test on Steet Mopen 


In all cases d/w is the ratio of the hole or notch diameter to the 
width of the bar. 


Tests ON STEEL Bar LarGe 


In the case of a bar having a large hole with a diameter almost 
equal to its width, such as shown in Fig. 12, it would naturally 
be thought that very little stress concentration would exist. For 
example, the curve shown by Hennig’ is drawn so as to approach 
unity for d/w = 1. To check this and at the same time to avoid 
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the difficulty of making optical tests on such a specimen, it was 
decided to make measurements on a steel model as shown on Fig. 
13, using an extensometer with a gage length of 0.3 in. and a hole 
_of 4-in. diameter in a 4'/s-in. wide plate (d/w = 0.97). It was 
found possible to place the extensometer points on the inside of 
i the hole as indicated in Fig. 12, which shows the relative size of 
the hole as compared to the gage length. Since it is known that 
for such a thin section the stress distribution must be linear, the 
stress concentration factor may be found by dividing the stress 
readings on the inside of the hole by the average value between 
the stress obtained on the outside (see Fig. 13) and that obtained 
on the inside (see Fig. 12). The stress on the inside was found 
to be 28,100 lb per sq in. and that on the outside only 1400 lb per 
sq in., giving K = 1.91 for a load of 450 lb. As a check, the 
mean stress across the minimum section could be found from the 
- known loads. The maximum stress measured on the inside at 
7 _ points, d, divided by this mean stress then gives the stress-eon- 
-— eentration factor. The two methods gave results agreeing 
within 1 per cent, the average value of K being 1.92. In order to 
eliminate inaccuracies due to a slight eccentricity of loading 
average values on opposite sides of the specimen were used. 
_ This value of K is roughly in agreement with results obtained by 
_ Coker and Filon,'* who mention that the stress on the outside of 
7 the bar seems to — zero as d/w approaches unity, which 
would correspond to K = 
Curves between load a stress on the inside of the hole 
(points d, Fig. 12) were found to be linear. The corresponding 
_ curves for points a and 6b were found to be roughly linear, although 
the exact shape of the curve at these points was very hard to 
_ determine because of the very small stresses involved. Measpre- 
ments of the distance between points a and b (Fig. 12) indicate 
that these points approach each other during loading, the relation 
_ between load and deflection being again roughly linear. It may 
_ be seen that during loading the inward movement of these points 
_ is such as to increase the stresses on the outside (at points a and b), 
thereby reducing the stress concentration factor K below that 
_ which would be obtained for very smal! deformations, such as are 
- assumed in elastic theory. It is possible that this is the reason 
for the value of K being 1.92, as obtained, rather than a higher 
value. In case the hole diameter so closely approaches the 
width of the bar that the minimum section becomes an infinitely 
thin filament, then for any finite deformation, this filament may 
_ move inward sufficiently to allow of a uniform stress distribution, 
thus giving K = 1. For infinitely small deformations relative to 
_ the thickness of this filament, however, K may still be equal to 2. 
The tests nevertheless indicate that, for a value of d/w = 
0.97, K = 1.92 with stresses on the order of those possible in engi- 
neering materials such as steel. They also indicate that the 
curve does not drop down to unity as fast as would appear from 
the curve given by Hennig (see Fig. 10). 


CONCLUSIONS 


The present tests on bars with holes agree closely with the 
mathematical results obtained by Howland. This agreement 
also suggests that the photoelastic method described, if pre- 
cautions to avoid undesirable edge effects are taken, offers an 
accurate means to determine stress concentration factors for 
various machine parts. 

The results indicate that for large holes having a diameter 
nearly equal to the width of the bar the stress concentration 
factor is not far from 2 in cases where the lateral displacements of 
the minimum section of the bar are small compared to the thick- 
ness of this section. 


18 “Photoelasticity,’"’ by Coker and Filon, Cambridge Univ. 
Press, 1931, p. 486. 
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The results obtained on bars with semi-circular notches indi- 
cate in general higher stress-concentration factors than those 
obtained by using the results obtained by previous investigators. 
This is to be expected, considering the difficulty of using the 
photoelastic compensation method right at the edge of a specimen 
or of applying extensometers with short gage lengths. The fact 
that the compensation method tends to give an average value 
near a localized point of stress concentration, rather than the 
peak value, also tends to explain this difference. 

Empirical equations are given for calculating the stress-con- 
centration factors both for tension bars with holes and for bars 
with semi-circular notches. 
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‘ 
Discussion 
O. J. Horeer.'* The authors have presented the stress-con- 


centration factors over a complete range in a satisfactory manner. 
The test procedure is accepted as giving accurate results which 
explain the deviation from previous data and in this respect the 
authors should be commended. 

While these concentration factors are of importance to the 
design engineer the presentation of this data is only the beginning 
of a study which should be pursued. Design problems often 
involve two stress-concentration factors, one due to shape and the 
other due to material. The present tendency toward reduced 
weights and costs of machine parts requires accurate knowledge 
of the factor of safety and demands consideration of these two 
factors separately. ‘‘Dauerfestigkeit and Konstruktion,”’ in 1932, 
by Dr. A. Thum and W. Buchmann discusses this phase and give 
some data. 

The extrapolation method employed is a worthy step in photo- 
elastic analysis. After reading a preliminary report of this 
paper extrapolation was followed in an experiment made by the 
writer. Contrary to the findings of the authors the true edge 
was not always found inside the apparent edge. In one case the 
distance from the scratch to the edge on the model was 0.115 cm 
while the apparent edge measured 0.253 cm and in the same 
photograph directly opposite, the true position on the model 
measured 0.482 cm against 0.443 cm on the photograph. Mea- 
surements were made with a comparator. 


M. M. Frocut.'® The paper by Messrs. Wahl and Beeuwkes 
may, for the purpose of discussion, be divided into two parts: 
one part dealing with a reexamination of factors of stress con- 
centration for two important engineering cases, and the other 
part dealing with suggestions for the determination of vague 
boundaries and the more accurate evaluation of boundary fringe- 
orders. 

The writer has had difficulties in determining the true bound- 
ary similar to those experienced by the authors but he has found 
it possible to eliminate these difficulties and to obtain stress 
patterns in which the true boundary is clearly visible. Such a 
stress pattern is shown in Fig. 14. In order to determine the 
accuracy with which the boundary can be shown, two scratches 
were drawn on the model. One of these scratches was very 
fine and was subsequently determined to be in an interval of 
no more than 0.0025 in. from the edge, the other scratch was 


14 Ann Arbor, Mich. 
15 Photoelastic Laboratory, Dept. of Mechanics, Carnegie Institute 
of Technology, Pittsburgh, Pa. 
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considerably larger starting at 0.004 in. from the edge and having 
a width of about 0.006 in. These dimensions were determined 
very carefully when the edge of the model was machined after the 
photographs were taken. The larger of the two scratches is 
clearly visible in Fig. 14. The finer scratch can also be seen and 
is located between the white arrow-heads to the left of the 
model. Fi shows a stress pattern against a white back- 


Fie. 14 IN COMPRESSION 


(Showing true boundary against a black background. Arrow-heads point 


to fine scratch on the edge of model.) 
ground instead of the conventional black background, from which 
it can be seen that this procedure adds to the clearness of the 
boundary. Inspection of the left edge reveals clearly the pres- 
ence of even the fine scratch engraved on the boundary. 

The writer prefers to take all the necessary precautions to 
obtain stress patterns in which the boundaries can clearly be seen 
rather than to determine these from engraved lines as suggested 
by the authors. 

The determination of boundaries from engraved lines and of 
boundary fringe-orders from extr’p..ation is in reality a much 
more difficult procedure than would seem to be the case on first 
thought. In the first place, the distance between scratches 
changes with the load so that for accurate determination of the 
scale of magnification these measurements should be carried out 
after the load is applied and just before photographing the pat- 
tern. Also, extrapolation is not a unique and definite procedure, 
so that the results would probably vary with the investigator. 
The procedure of extrapolation may introduce errors as great or 
greater than the ones it is trying to correct. However, if it is 
desired to determine the boundary-fringe value by extrapolation 
it is suggested that, in tension members with holes or fillets, a 
circle concentric with the hole be inscribed rather than two 
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straight lines. There is a twofold advantage to the use of the 
circle over the straight line scratches: it calls for only one mea- 
surement and it gives greater accuracy. 

With respect to the results proper, the writer computed the 


stress concentration factor, for a ratio— = 5’ of a bakelite speci- 
w 


men 0.625 in. X 0.188 in. thick with a '/s in. hole, and the average 
of two values for two different loads was 2.52, against 2.51 given 
by the authors’ formula. The agreement between the authors’ 
curve and that of Howland lends additional strength to the reli- 
ability of the results. 

The writer observes with interest that the authors determined 
the fringe value from a pure tension rather than from a pure bend- 
ing test. This agrees with the procedure adopted in our more 
recent work. Experience has shown that it is simpler to deter- 
mine the fringe value from a tension or compression strip, and 
that the results are also more consistent. There is a special 
merit to it if the model in which the stresses are studied, as is the 
case in this instance, can be utilized as its own calibration piece. 


Fig. 15 In CoMPRESSION 


(Showing{true boundary against a white background. Arrow-heads point 
to fine scratch on the edge of model.) 


In connection with the question of fringe-value determination, 
the writer wishes to make two suggestions—first, that this value 
can be determined with great accuracy in a tension or compres- 
sion member by means of a good photometer, such as the photo- 
electric-cell type, thereby removing eye-strain and the subjective 
element of the observer; and, second, that fringe value be de- 
fined as the change in maximum shear stress necessary to cause a 
change from black to the next black or white to the next white, 
at any given point in a model of the given material 1 in. thick. 
At present the fringe value is associated not only with the ma- 
terial, but also with the thickness of the model. To obtain the 
fringe value for any particular model, it would only be nec 
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to divide the fringe value for that material by the thickness of 
the model. This would simplify matters considerably and per- 
mit of easy comparison of relative optical sensitivities of different 
materials. 

AvutuHors’ CLOSURE 

Dr. Frocht suggests that, by taking necessary precautions, 
the boundary of the test specimen may be made clearly visible 
on the photograph and that it is preferable to determine the 
true edge from such a photograph rather than by means of the 
extrapolation procedure used by the authors. In addition, as 
evidence of cases where the boundary is defined with sufficient 
clearness, he submits the photographs of Figs. 14 and 15. After 
examining these photographs, however, the authors do not feel 
that the edges were defined with greater clearness near the fillets 
than was the case in most of the tests made by them; it is also 
their opinion that the use of the extrapolation method would in- 
crease the accuracy of the determination of the peak stresses in 
the fillets of the models shown on Figs. 14 and 15. 

In connection with the use of the extrapolation procedure, 
Dr. Frocht mentions that the distance between the engraved 
lines on the specimen would change when the load is applied, 
and this would involve an error in determining the scale of magni- 
fication. However, it can be shown that this error is negligible 
for such stresses as are practicable with bakelite. For example, 
in most of the specimens used by the authors, the scratches em- 
ployed to determine the magnification ratio were about 1 in. 
apart while the contraction due to the applied stress amounted 
to about 0.001 in. as computed from the known values of stress 
and elastic constants. This would correspond to an error of 
0.1 per cent, a negligible value. Even if the stresses used were 
doubled, the percentage error would still be only 0.2 per cent. 
Since the distance between the scratch and the edge is measured 
in the unstressed condition, there is a further error in locating the 
boundary on the extrapolation curves, due to the contraction of 
the stressed material between the scratch and the boundary. 
The error in fringe order due to this cause may also be shown to 
be of negligible importance. Calculating the contraction from 
the known stresses and multiplying by the magnification ratio, 
the amount of error in locating the boundary on the extrapolation 
curves is obtained. From this, by reference to actual test curves, 
the error in fringe order may be found. Several tests were 
checked by the authors and in no case was the error due to this 
cause over 0.2 per cent. Hence, it may be concluded that errors 
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in the extrapolation procedure due to lateral contraction of the 
stressed material are negligible, at least for engineering purposes. 

It is true, as Dr. Frocht says, that extrapolation is not a defi- 
nite and unique procedure, and that there will be some variation 
with different investigators. The authors have found, however, 
that such variations are relatively small, particularly when com- 
pared to the possible errors resulting when the peak fringe values 
are determined merely by inspection. This checks with the ex- 
perience of Dr. Weibel'* of the University of Michigan who found 
that much more consistent results could be obtained by the use 
of the extrapolation method than had been possible without it. 
For these reasons, the authors believe that a considerable im- 
provement in the accuracy of stress concentration determination 
is made possible by the use of this method. 

With regard to the use of circular lines engraved on the speci- 
men, as suggested by Dr. Frocht, the authors believe this would 
be of advantage in the case of fillets in tension or bending where 
the peak stress is at an unknown location along the fillet. In the 
cases tested by the authors, where the peak stress is always at 
the minimum section, the use of a straight line proved to be very 
satisfactory. It should be noted that it is rather difficult to 
make a fine circular scratch concentric with the fillet or hole, 
unless a special tool is used, while it is very easy to inscribe a 
straight line. The authors found that, for best results, an ex- 
tremely fine scratch was desirable since if a coarse one were used 
a further error in estimating the center of the black line on the 
photographs was introduced. 

With regard to Mr. Horger’s statement that design problems 
involve two stress concentration factors, one due to shape and 
the other due to material, it may be of interest to note that in 
certain cases, particularly as regards large specimens of high 
strength alloy steels, there appears to be some tendency for the 
fatigue stress concentration factors to approach those found by 
photoelastic or mathematical methods.'’ In such cases, then, 
these two stress-concentration factors mentioned by Mr. Horger 
may be considered as identical. The photoelastic test values, in 
these instances, would then give information of direct value to 
designers. The authors agree, however, that considerable addi- 
tional work is desirable on these and similar questions. 


16 E. E. Weibel, ‘‘Studies in Photoelastic Stress Determination,” 
A.S.M.E. Trans., vol. 56, 1934, paper APM-56-13. 


17 Note especially the discussion by Mr. R. E. Peterson of Dr. 


Weibel’s paper, A.S.M.E. Trans., vol. 56, 1934, APM-56-13. 
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In the design of thin plates bent by lateral loading, 
formulas based on the Kirchhoff theory which neglects 
_ stretching and shearing in the middle surface are quite 
_ satisfactory, providing the deflections are small compared 
to the thickness. If deflections are of the same order as 
the thickness, the Kirchhoff theory may yield results 
_which are considerably in error and therefore a more 
rigorous theory which takes account of deformations in 
the middle surface should be applied. The fundamental 
equations for the more exact theory are known,’ and 
ea approximate solutions’ have been developed for the case 
_ of a circular plate. 

This paper gives the general solution of the fundamental 
equations for the case of a circular plate bent to a figure 
of revolution. Particular solutions are found which 
satisfy one of the two boundary conditions, and stresses 

and deflections are calculated from these solutions. By 

interpolation, the stresses and deflections are then found 
for plates satisfying both boundary conditions. The 
_ deflections are compared with experimental results and 
with the approximate formulas. It is found that these 
_ deflections agree closely with the experimental results 
_ and also with those obtained by the approximate methods 
a of A. Nadai and S. Timoshenko, as shown in Figs. 8 and 10. 


i NOMENCLATURE 


( piporeeery an initially flat circular plate of uniform thick- 
ness and let 


= radius * 
=thickness 
p = load intensity, assumed uniform 
Or, or’, or = radial stresses 
ot’, oc” = circumferential stresses 
z = distance from middle surface, downward direction 
positive 
r = distance from axis of symmetry to a point in the 
plate before deflection 
w = vertical displacement of points of the middle 
surface relative to the center of the middle 
surface 
= dw/dr 
i E = Young’s modulus 
u = Poisson’s ratio 


1 Research Laboratories, Westinghouse Electric & Manufacturing 
Co., East Pittsburgh, Pa. 
2 Due to von Karman, Enzyk. d. Math. Wiss., vol. 4, art. 27. 
See also A. Nadai, ‘‘Die Elastische Platten,’ Springer, Berlin, 1925, 
284. 
3 Solutions such as that by A. Nadai and discussed in this paper. 
Contributed by the Applied Mechanics Division and presented at 
_ the Annual Meeting, New York, N. Y., December 4 to 8, 1933, of 
Tae American Society oF MBscHANICAL ENGINEERS. This paper 
was prepared by the author as a thesis for a Doctor’s degree at the 
University of Michigan. 
Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
the Society. 


j 


— of Plates 
Deflection 


By STEWART WAY,' EAST PITTSBURGH, PA. ‘ 


With Large 


os 


=o 


D = Eh3/12(l— yw?) = flexural rigidity of the plate 

mr, m = radial and circumferential bending moments 
per unit of length 

p = radial displacement of points in the middle surface 


Displacements and stresses are assumed to be functions of r only; 
that is, they have radial symmetry. 

Loads and deflections will be taken as positive when down- 
ward and moments as positive when they tend to make the plate 
concave upward. 


2 EXPRESSIONS FOR STRESSES AND MOMENTS IN TERMS OF 
DISPLACEMENTS 


Three assumptions are made as follows: 


(1) The material is homogeneous, 
Hooke’s law 

(2) The curvature of a meridian may be replaced by d2w/dr? 

(3) Straight lines initially normal to the middle surface 
remain straight and normal to that surface after bending. 


isotropic, and obeys 


It follows from the third assumption that if the radial and 
vertical displacements of every point in the middle surface are 
known the displacements of all points of the plate can be found. 

The radial extension in the middle surface is 


At a distance z from the middle surface there are the additional 


extensions due to bending a sis 
Ge ar’ e” = —z 


The middle surface extensions give rise to the membrane 
stresses a,’ and o;’ which by Hooke’s law are as follows: 


E ¢, » od 
= 


The extensions due to bending give rise to the following bending 
stresses 


4 AS 
p 
e 
7 
nd the circumferential extension is 
p 
r 
pat 
| 
] 
“ve 
E d*w 
1— dr? r 


Summing the moments of o,” and o” from z = —h/2toz = 
h/2 the following are obtained: i 

Eh? dy ¢ 

12(1 — p?) 

aA [5] 

¢ ¢ 


Hereafter o-” and o;" will be used to denote the outer-surface 
bending stresses which are given by 


A useful relation between p and the membrane stresses is given 
by Hooke’s law and is 


3 Rewations BETWEEN ¢, or’, AND ot’ FOR EQUILIBRIUM AND 
CoMPATIBILITY 

In the preceding article, (2), expressions for the stresses in 

terms of the displacements were established. As the next step 


Pid 
apr +e 


drXr +ér)de 


dr)(r+dr)de 


either two equations can be set up, which the displacements 
w and p must satisfy, or three equations can be constructed for 
¢, or’, and o’, and the radial displacement found from Equation 
[7]. Of these the latter course has been chosen. 

The condition of vertical equilibrium of a disk of the plate of 
radius r results in 


dfid r 


From the condition of radial equilibrium of the element shown 
in Fig. 1 


Eliminating p and dp/dr from Equations [la] and [1b], and 
applying Hooke’s law and the equilibrium Equation [9] results 
¢ 


+ 01’) + — [10] 


Equations [8], [9], and [10] may be regarded as the funda- 
mental equations for a circular plate bent to a figure of revolu- 
tion.‘ If the flexural rigidity is neglected, and D equals zero, 
the solution is known. This was developed by Hencky.® 
* Given in this form by A. Féppl, 
bourg, Berlin, 1924. 


5 H. Hencky, Zeitschrift fiir Math. und Phys., vol. 63 (1915), p. 311. 
Hencky found the maximum deflection to be 


“Drang und Zwang,’”’ R. Olden- 
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It will be noted that if deflections are small compared to the 


a thickness the term involving ¢? could be dropped from Equation 


[la] and it would not appear in Equation [10]. Equations [9] 
and [10] would then show that the membrane stresses were 
constant, and Equation [8] would become a Bessel equation. 


4 FUNDAMENTAL EQUATIONS IN DIMENSIONLESS FORM 


The new variables q, S,’, S:’, S,”, S:”, and u are now introduced 
and are defined as follows: 


p/E; 
S.’ = 0'/E; 


= r/h; 


= \ 
o:”/E; 


Ss," «:"/E 


.. [lla] 


Sr = 


Also, the following dimensionless expressions 


mrh muh wp 
& 


shall be used hereafter to measure moments and displacements. 
It should be noted that the slope ¢ is 


dw d {w 
dr du\h 


The bending moments in terms of dimensionless quantities 
are 


The fundamental Equations [8], [9], and [10] become 


1 d u 
12(1 — p?) du (i ) (12) 


1 
du 
d 2 
5 Bounpary ConpITIONS 
Boundary values shall be denoted by the subscript zero. For 


a plate with zero radial edge displacement Equation [7] results in 


For a plate with an edge clamped horizontally 


In this paper two cases will be considered: 


(1) Plates with no load, with moment mr at the edge, and 


: zero tensile force at the edge 
a (2) Plates with a uniform load, clamped edge, and zero radial 


edge displacement. 


| 
8 
AG AmMr+0™r drY¥r+dr)de 
4 
Fic. 1 Conpition oF Rapial 
Racers i4 For a plate with no tensile forces at the edge 
Be - 7 For a plate with bending moment miro at the edge 
For a plate with a simply supported edge 
du/o 
0.662 


GENERAL SOLUTION AND PARTICULAR SOLUTIONS 


6 THe GENERAL SOLUTION 


A solution for Equations [12], [13], and [14] is now desired. 
_ Either by successive differentiation of these equations or by a 
Di vgunareegrel of the basic assumptions of the theory of elasticity, 
it can be shown that all the derivatives of the displacements 
-p and w will exist at all points in the plate. The displacements, 
extensions, and stresses may therefore be expanded in series of 
positive powers of u. Since S,’ is a symmetrical’ function of u 
it can be expanded in a series of even powers of u and since ¢ 
is an antisymmetrical function of u it can be expanded in a 
series of odd powers of u. 
As the starting point, therefore, let 


= Bo + But 4- eee [20] 
From the equilibrium Equation [13] 
= Bo + + + ... [22] 
By integrating the series expression for ¢ 
_ and by differentiation of the ¢ series 
= V8 (Ci + + +...) [24] 


du 
The moments are given in terms of ¢ and dg/du by Equation 
The bending stresses are related to the moments by 


. 

2D(1— yt)’ 

= and the radial displacement from Equation [7] is 


h 


All quantities in which we may be interested can be found 
therefore, if the constants Ci and By; are known. 

By substituting the series expressions for S,’, S:’, and ¢ in 
E quations [12] and [14], two sets of relations between the con- 


stants By and are obtained: 


Cats 


~ 2D(1 — 


; +1 
m=0,2,4... 
Ce = 3(1 — p?) sk 


4 


2 

* E. Trefftz in the “Handbuch der Physik, ” vol. 6, p 


That is S,’(u) = S,’(—u). If ¢ is an 
e(u) = —y(—n). 
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The series expressions [20] to [24] along with the Equations 
[27] and [28] constitute the general solution of the problem of 
a plate bent to a figure of revolution by a uniform load. 

The two constants By and C, are not determined. When they 
are assigned, all the other constants are determined by Equations 
[27] and [28], and the quantities S,’, S;’, and ¢ are determined 
by Equations [20], [21], and [22] for all points in the plate, 
including the boundary. Fixing Bo and C; is thus equivalent to 
fixing the boundary conditions. It will be noted that Bp is the 
value of S,’ at the center while C; is proportional to the bending 
moment at the center. 


7 Particutar Sotutions ror Zero Loap aNp ZERO EpGE 
Force’ 


The following results apply to plates loaded by a distributed 
bending moment at the edge as shown in Fig. 2. = : 

We assume the value u = '/, for 7 
Poisson’s ratio. The method of ob- 
taining the required values consists 
of assuming a pair of values for Bo 
and C, and calculating all the other 
constants C, and Bz by Equations 
[27] and [28]. The radius, uo, is 
then determined so as to make Sy’ 
zero, and wo/h, mrnoh/D, moh/D 
hm,-(0)/D, and S,’(0) are calculated 
from Equations [20] to [24], and 
{11b]. These calculations have been 
made for eleven plates with the results 
given in Table 1. ( 

The values of uo’hmro/D are given 
in Table 1, because it can be shown 
from the general solution that all 
plates of the type considered, for 
which the values of uo*hmmro/D are the 
same, will have the same deflection. In Fig. 3 is shown a curve 
for wo/h for various values of uo*hmo/D. This curve is ap- 


Mro 
Fig. 2 DiIstTRIBUTED 
BenDING MoMENT AT 
or CrrcuLarR PLATE 


2.0 
a 
ELEMENTARY THEORY 
16 ry 
be 
3 
z 
"4 
Ww 
a VA 
0.2 
0 ite) 20 6.0 L 80 


4 
LOAD 


Fie. 3 DegFLecTION oF CrrRcuLAR Piats Wits 
BrenpDING MoMENT aT EpGs 


§ One such particular solution is given by S. Timoshenko, “‘Theory 
of Elasticity,” St. Petersburg, Russia, 1916. 
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TABLE 1 

1 43.66 0.899 —14.43 -13.12 -10.61 1 3 2.75 
2 33.80 0.688 -—17.07 —16.02 -14.16 1 4 
3 27.45 0.555 20.03 -19.24 -17.69 1 5 —1.51 
4 23.08 0.465 —23.18 —22.51 —21.23 1 6 1.236 
5 52.66 1.614 —25.21 —19.68 -10.61 2 3 -6.99 
6 42.92 1.282 -—25.47 -21.38 -14.16 2 4 —4.69 
7 36.00 1.059 —26.87 —23.64 -17.69 2 5 —3.48 
8 30.87 0.899 —28.86 —26.24 -21.23 2 6 —2.75 
9 36.36 1.759 —38.3 29.06 —14.16 3 4 
10 40.00 1.485 -—37.3 -30.15 -17.69 3 5 —5.96 
11 35.05 1.283 -—38.2 -—32.06 -21.23 3 6 —4.69 


plicable to plates of all radii, all edge moments, and all materials 
of Poisson’s ratio 1/,. 

The elementary theory gives 
mroh 


This straight-line relation is shown in Fig. 3. For wo/h = 1, 
the error in the elementary theory is seen to be 28 per cent. 


8 ParticuLarR SoLuTIons FoR WitH Loap 
AND BOUNDARY CONDITION ¢o = 0 


The following solutions apply to the case of plates with clamped 
edges and uniform lateral loading. It should be noted that 
the solutions obtained are not expected to satisfy the condition 
p= 0. 


Fig. 4 Crrcutar Puate Wits EpGre anp UNIFORM 
LATERAL LoapD 


The manner of loading is shown in Fig. 4. 
Values are first selected for » and q: 


= 0.3; ¢ = —2V8 x 0.117790 x 10-8 


Values are then assumed for By and C,, the remaining con- 
stants calculated, and the various quantities in which we are 


TABLE 2 

1 46.34 1.636 1.374 0.405 -16.89 2.0 2.5 
2 52.20 1.319 0.8192 0.629 2.0 3.0 
3 57.27 0.8454 0.0025 0.905 —25.91 2.0 3.5 
4 44:12 1.178 0.9539 0.360 —16.02 1.5 2.5 
5 49.13 0.9153 0.4988 0.542 —19.71 1.5 3.0 
6 53.44 0.5376 -—0.1648 0.761 —23.41 1.5 3.5 
7 42.23 0.7114 0.5155 0.324 —15.28 1.0 2:5 
8 46.59 0.4878 0.1291 0.478 —18.56 1.0 3.0 
9 36.20 0.3671 0.2775 0.187 —11.64 0:5 2.0 
10 40.60 0.2377 0.0603 0.296 14.66 0.5 2:5 
11 44.44 0.0444 -0:2631 0:427 —17:71 0:5 3.0 
12 41.81 2.311 2°177 0.263 —13.56 2.5 2.0 
13 49.05 2.081 1.770 0.464 —18.00 2.5 2.5 
14 56.08 1.680 1.062 0.745 —23.09 2.5 3.0 
15 62.27 1.050 0.1025 1.117 28.39 2.85 3.5 
16 43.79 2.789 2.635. 0.204 —14.27 3.0 2.0 
17 52.43 2.507 2°16 0.545 —19.44 3.0 2:5 
18 61.23 1.965 1.143 0.933 25.68 3.0 3.0 
19 68.78 1.069 -—0.563 1.453 —32.62 3:0 


interested determined from the series expressions. 
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case the radius is found from the condition that the right-hand 


member of Equation (21] vanishes when u = 
of these calculations for nineteen plates are given in Table 2. 


Uo. 


The bending moment at the edge is given simply by 


since in this case go = 0. | 


The results 


9 SrRESSES AND DEFLECTIONS IN LATERALLY LOADED PLATES 
Wirs Born Bounpary ConpiTIONS, go = 0 AND po = 0, 


SATISFIED 


We group the plates in Table 2 according to common values 
of Bo or C; as follows: 


By interpolating between the results for the plates in 
group in such a manner as to make Sip = 
having po = 0 is obtained. 
obtained, from group b data for plate }, ete. 


Group 


a 
b 
c 


d 
f 


Plates Common Property 

i; 2, 3 104Bo = 2 

4, 5, 6 10‘Bo = 1.5 

4, 10 104C; = 2.5 

2, 5, 8, 21 104C; = 3.0 
18, 14, 16 104‘Bo = 2.5 
16,17, 18,19 10*Bo = 3.0 

ws an 


A typical set 


interpolation curves is shown in Fig. 5. 


any one 
»wSro, data for a plate 
From group a data for plate a is 


of 


TABLE 3 7 
a b c d e | 
quo! 6.321 4.561 1.818 3.196 8.635 11.71 
wo/h 0.800 0.637 0.296 0.482 0.970 1.152 
uo2*Sro’ 0.311 0.196 0.041 0.112 0.468 0.671 
uo*Sro” . 087 3.061 1.334 2.250 5.220 6.621 
uo*Sr’ (0) 0.616 0.392 0.085 0.226 0.900 1.258 
uo®Sr” (0) 2.069 1.704 0.834 1.327 2.408 2.727 
90-— 
Fl go} 
t 
70}—— 
is} 
Lo 
n 
° 50 
2 
re) 
° w w w 
3A=0.3 
2.5 3.0 3.5 
Fie. 5 Curves—P.atss 1, 2, anp 3 
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The results for plates a to f are given in Table ‘ 3 


3. The stresses at the center are given and, — % 
as has been noted, they depend on Bo and C\. TZ, 
Stresses are multiplied by wo’, for it can be - ELEMENTARY ream 
shown that w/h and wuo2S will have constant 6 — A 
values at similarly situated points in all plates = 
with constant quo‘. 

The curves in Fig. 6 show the relation of wo/h 
to quot and those in Fig. 7 show the membrane 
and bending stresses at the center and the edge 
for various values of wo/h. By definition of q 
and Up, quo! is equivalent to pa‘/Hh‘. 

A numerical example will illustrate the use 
of these curves. Consider a plate of thickness 
0.02 in., radius 2 in., and load 3 lb per sq in. = 
Let E = 30 X 10° lb per sq in. and let » = 0.3. —+ 
For this plate quot = 10. From Fig. 6 we see s | 
that wo/h = 1.055 so that wo = 0.0211 in. as 
From Fig. 7 the stresses are 


DEFLECTION We/h 


° 
@ 


oro Uo?/E = 0.56 
oro’ 1680 lb per sq in. | 
ove E = 5.85 % 20 40 60 80 10.0 
oro = 17,550 lb per sq in. LOAD pa*/eh 
= 1.07 Fic. 6 DegF.ecrion or Crrcutar PLate WITH THE EpGe CLAMPED 


or'(0) = 3210 lb per sq in. 
or’ (O)u?/E = 2.57 or'(0) = 7710 lb per sq in. found by making a suitable transformation of the results in 
Table 2. Space does not permit a discussion of this method 
but the deflection curves for » = 0.25 and » = 0.35 are shown 


The figures given in Table 3 apply only for Poisson’s ratio 


BENDING STRESS 
LINEAR THEORY -CENTER 


» = 0.3. For other values of » values for quot and wo/h can be in Fig. 6. It will be seen that variations in Poisson’s ratio have 
E very little effect on the behavior of the plate. 
COMPARISON WITH APPROXIMATE FORMULAS 
| 10 AppRoxIMATE METHODS oF CONSIDERING MEMBRANE 
BENDING STRESS, Ge US /e Srresses 
/ Nadai and Timoshenko have used approximate methods 
60) - which seem to be reasonably accurate. Before discussing"them, 
‘s L / LINEAR R THEORY -EDCE the basic equations will be restated in a different form: 
4 
dr \rdr 2D h? \dr 2 r 
d ld dg 1— ¢? 
+ dr \r dr dr 
4 > 
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The first is equivalent to Equation [8] and the second is 
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{ Equation [9] with o,’ and o’ replaced by their values in terms 
of p and ¢. 


Nadai® assumes this expression for ¢ 


and placing it in the second Equation [31], solves for p. The 
resulting expression for p and expression [32] are then placed 
in the first Equation [31] which is solved for p. The constants 
c and n are then determined so as to make p as nearly a constant 
as possible. Nadai gives the following equation for the maxi- 


mum deflection: 
3 pfa\ 


This is obtained when » = 0.25. In Fig. 8 a curve is shown 
based on this formula and beside it a curve based on the power 
series solution discussed in this paper. The agreement is seen 
to be close. 


The approximate method of Timoshenko” is simpler. He 
assumes that the radial displacement is given by 
p = r(a—r)(c, + [34] 


and ‘that, for purposes of finding c, and c, the deflection is of 
the same form as in the elementary theory. He then minimizes 
the potential energy of stretching to determine c; and c, and 
arrives at the following equation for the deflection: 


“i6E (:) [35] 


A curve for wo/h based on this formula also is shown in Fig. 8.- 


This approximation it will be seen errs on the safe side, while 
the formula [33] errs on the unsafe side. 

In Fig. 8 the curve obtained from Hencky’s membrane theory 
is shown also. 


EXPERIMENTAL RESULTS 
11 APPARATUS FOR TESTING 


Experiments were made on circular plates of duralumin of 
4'/,-in. diameter and various thicknesses. All plates were 
clamped at their edges and the method of clamping is shown in 
Fig. 9. The compartment beneath the plate was filled with 
water and the pressure controlled by means of a static head of 
mercury. An Ames dial directly above the center of the plate 
recorded the deflections. 

Four plates of the following thicknesses were tested: 


h = 0.064 in. 
h = 0.052 in. 
h = 0.032 in. 


In all cases it was assumed that the value of Poisson’s ratio was 


12 Resvutts or Tests 


As it was desirable to know the value of pa‘/Eh‘ tes each 
measured deflection, a*/Eh‘ had to be found for each plate. Now 
for very small deflections 


* A. Nadai, “Die Elastische Platten,” Springer, Berlin, 1925, p. 
288. Nadai actually uses the Equations [31] in dimensionless form. 

10S. Timoshenko, “Vibration Problems in Engineering,” D. 
Van Nostrand Co., New York, 1928, p. 317. 
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Therefore, a fairly accurate method of finding a‘/Eh‘ was 
thought to be to determine Lim.(p ——> 0)wo/ph by experiment 
at small pressures. For the various plates values of a‘/Eh* 


were found as follows: 
TEST PLATE 
0 
FOR %"x2%e BOLT 
REQ'D) 
Fug 


, 
i 
PLATE 


DETAIL OF CLAMPED EDGE 


Fie. 9 MetHop or CLAMPING EpGes or CIRCULAR PLATES 


The values of wo/h and pa‘/Eh‘ obtained in the various tests 
are recorded in Table 4. 


TABLE 4 
Plate 1 Plate 2 Plate 3 Plate 4 
wo/h quot wo/h wo/h quo wo/h quo 
0 0 0 0 0.002 0.01 0 0 
0.075 0.437 0.067 0.42 0.162 0.98 0.387 2.51 
-153 0.939 0.138 0.84 0.376 2.36 0.527 3.58 
0.234 1.440 0.229 1.40 0.550 3.75 0.649 4.64 
0.308 1.842 0.333 2.09 0.697 5.13 0.793 6.24 
0.377 2.443 0.432 2.79 0.826 6.51 0.980 8.91 
0.445 2.946 0.529 3.49 0.931 7.89 1.135 11.58 
0.507 3.447 0.611 4.19 1.022 9.27 1.263 14.25 
ose <br 0.687 4.89 1.108 10.66 1.375 16.92 
0.821 6.28 
0.883 6.98 
0.937 7.68 


13 Comparison WITH THEORY 


In Fig. 10 the deflection curves found from the experiments 
have been plotted together with the theoretical curve for u = 
0.35. 

It will be noted that the difference between the values of 
wWo/h by theory and experiment is seldom more than 5 per cent. 
It will also be noted that the experimental curves always lie 
above the theoretical curve. This latter fact would indicate 
that part of the discrepancy is due to slipping and rotating at 
the edges of the test plate. The fact that there is no apparent 
relation between the plate thickness and the amount of dis- 
agreement shows, however, that edge slippage is not the only 
explanation. A much more likely source of error in the experi- 
mental curve lies in the determination of a*/Eh*. To expect 
a determination of this quantity within 4 per cent accuracy 
would be very optimistic. On the whole, therefore, it must be 
concluded that the agreement found between experiment and 
theory is not at all bad. \ 


14 SuaGestions FoR DesiGN OF PLATES 


For clamped circular plates with uniform loads the elementary 
theory is applicable for maximum deflections less than 0.4 of 
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Ae 
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%, 
the thickness. For such deflections the error in the deflection 
due to neglect of the middle surface stresses will be less than 
10 per cent. (See Fig. 6.) For larger deflections the middle 
surface stresses should be considered, unless very rough results 
are permissible. The simplest method for the practical de- 
signer who wants to take account of the membrane stresses in 
his plate is to have at hand a set of curves such as those in Figs. 
6 and 7. As reasonably close agreement was found between 
the power series solution and the approximate solution by Nadai, 
_ the curves in his book “Die Elastische Platten’”® (p. 288) should 
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‘Fre. 10 Dervections By THEORY AND EXPERIMENT 
also prove very satisfactory. The solution which offers the 
greatest ease of manipulation, if curves are not at hand, is the 


_ approximate solution by Timoshenko. It is presented on page 
317 of his book, ‘Vibration Problems in Engineering.”?® It 
seems to be quite as accurate as the method developed by Nadai 
and has the advantage of erring on the safe side. ae 


It has been stated in this paper that plates having the same 
values for quot and the boundary conditions go = 0, po = 0 
— fulfilled will have the same deflection. This property may be 
demonstrated in a more general form as follows. 


Appendix 


Consider the basic Equations [12], [13], and [14]. Let us 
_ make the transformation 
) 
= S,’ = 8 = Se’ 
. [387] 
lu = = — 
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We find that the form of the basic equations is unaltered: if 
Q 


1 dfid 
(15m) + 8’@...... (38} 
d 
d 
dv 


The general solution will contain two undetermined con- 
stants, fixing the values of which will determine 9, s,’, and s;’ at 
all values of v, and in particular at the boundary v = 1. There- 
fore the quantities w/h, %’, and d&/dv will have the 
same values at points similarly located in all plates having the 
same Q, the same y» and the same conditions at v = 1. 

In particular, if Q = 0, w/h for any v will have the same values 
in all plates of the same yz and the same values of s,’, , and d@/dv 
at the boundary. It should be noted that 


Discussion 


Wituram Hoveaarp."' This paper is of considerable interest 
to engineers. It gives an application of the differential equations 
developed by von K4rméan for a circular plate under normal load 
when th. deflections are of the same order as the thickness of 
the plate. Here as in so many other cases engineers are con- 
fronted with differential equations, for the solution of which 
they have neither time nor, in general, sufficient mathematical 
preparation. In the present case good approximate solutions 
have been developed by Nadai and Timoshenko, but it is of 
great interest to obtain the results by a rigorous or quasi-rigorous 
solution. This is what the author has done by expanding the 
radial stress o and the inclination of the middle surface ¢ in 
series of ascending powers of the radial coordinate. He obtains 
thus a general solution for a circular plate under a uniform 
load, but two unknown constants remain which were introduced 
in the serial expressions. The solution for particular boundary 
conditions is now found by a very ingenious and practical proc- 
ess, solving first for a number of assumed values of the unknown 
coefficients and then applying a method of interpolation. 

The fact that plates, completely fixed and held horizontally 
at the rim and which have the same values for qouo', shall have 
the same deflection, might perhaps be readily tested by the use 
of different materials, such as copper, steel, etc., adjusting the 
pressures and the thickness so that this quantity remains un- 
altered. 

The tables and curves given in Figs. 6 and 7, will be very 
useful to engineers dealing with thin circular plates under pres- 
sure. The curves in Fig. 8 give added confidence in the ap- 
proximate solutions of Nadai and Timoshenko, especially as 
they are corroborated by experimental results. In fact the 
curves in Fig. 10 are a great triumph for the theory. 

I would suggest that the author indicate in more detail the 
steps through which Equation [10] is derived. 


L. H. Donnewu.'* The author of this paper is to be con- 
gratulated, not only on an excellent paper, but for his choice of 


11 Professor, Massachusetts Institute of Technology, Cambridge, 
Mass. 
12 Engineering Department, Goodyear-Zeppelin Corp., Akron, 


= 
> 
Uo? Mroh 4 ® [41] 
7 
= 
¢ 
~ 
= 


> 
y 


a subject which is of much more practical importance than the 
attention it has hitherto received might indicate. In the case 
of the bending of beams, a large-deflection theory is needed only 
when the deflections are so great that the slope of the deflection 
curve is of the order of magnitude of one, that is, when the de- 
flections are of the order of magnitude of the length of the beam. 


engineers are thus prone to think of large-deflection theories as 
of academic interest only. But the situation is entirely different 
with flat or curved plates which are bent in such a way that 
stretching or compressing of the plate must accompany the 
flexure, as is the case when a developable surface is bent to a non- 
developable one. Then the simple theory of small deflections 
becomes inaccurate when the deflections are of the order of 
magnitude of the thickness, as is vividly illustrated by the results 
given in this paper. Such deflections are frequently met with 
in practise so that researches of this nature have great practical 
value. 

The author develops an “‘exact”’ theory for his case and com- 
pares it with two previous more approximate large-deflection 
theories. The comparison shows that as far as deflections are 
concerned the approximate theories are sufficiently accurate for 
practical purposes. This is important, as it is advisable to have 
as many checks as possible on our approximate methods. How- 
ever the author fails to give any comparison between the maxi- 
mum stresses in the plate, as given by the exact and approximate 
methods, although such a comparison should be quite easy for 
him to make and would add greatly to the value of the paper. 
General experience has been that such approximate theories are 
less accurate in regard to stresses than deflections. 

The writer believes that it will be necessary to use large de- 
flection theories to satisfactorily explain and study a number of 
important phenomena in the buckling of flat and curved sheets. 
Thus it is well known that the ultimate strength of a flat sheet 
with clamped or supported edges, under edge compression, is 
usually much greater than the stability limit given by the well- 
known theories of Bryan and Timoshenko, based on small-deflec- 
tion theory. Dr.von K4rmén has explained most of this difference 
as an edge effect, due to the edges being artificially prevented 
from buckling. But there is an additional strengthening effect 
having no connection with this. This might be called a ‘“disk- 
wheel”’ effect as it is due to the bulging out of the sheet to some- 
thing like the shape and hence something of the strength of a 
disk wheel. This effect can only be studied by a large-deflection 
theory. It has practical importance in the case of very thin 
plates or plates of a material with a high elastic limit. Also, in 
the buckling of thin cylinders or curved sheets under axial load, 
experiments show many features which have never been satis- 
factorily explained by any theory based on small deflections. 
The writer has found that all these discrepancies can be ex- 
plained by considering initial deviations from cylindrical shape 
and using large deflection theory. 


H. Hencxy.’* The paper by Mr. Way is very valuable 
because the exact solution of his problem is very difficult and 
tedious to obtain and is nevertheless needed for a judgment on 
approximative methods. He discusses the methods of Nadai 
and Timoshenko and finds them fairly satisfactory. 

It is perhaps of interest to remark that these methods are 
only special cases of a more general method which was developed 
18 years ago by G. B. Galerkin, of Leningrad. The method 
of Galerkin is one of unlimited adaptability to the precision 
required in any special case and deserves therefore a greater 
amount of publicity than it has had. 

The problem in question is a two-dimensional one, the two 

13 Lisbon, N. H. Mem. A.S.M.E. 
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dimensions being the displacement w perpendicular to the plate 
and the displacement p in the direction of the radius of the circular 
plate. Consequently we will have two equations of equilibrium 
to satisfy which we will call symbolically E(w) = 0 and E(p) = 0. 

The first step is to substitute two integrations taken over the 
surface of the plate without changing anything essential. 

This can be done by introducing two arbitrary variations 
6 and dp corresponding to the displacements w and p and writing: 


0 


S E(p)5pdA 


with the integrations taken over the whole area of the plate. 

Until now we have not introduced anything of an approximate 
character. Galerkin substitutes for w and p two series of arbi- 
trary functions and extends the variations only over the arbitrary 
constants to be determined in the case in question. Conse- 
quently, using the fact that the variations are absolutely arbi- 
trary, the two integrations yield just the needed number of 
equations to determine the constants. Naturally the functions 
have to be chosen so that the boundary conditions are satisfied. 

The advantage of this method lies in the fact that by increasing 
the number of constants the method can be employed even if 
the exact solution is impossible to obtain as the case of a rec- 
tangular plate. 


aa 


E. O. Waters.‘ The author should be highly commended 
for giving to the engineering profession a simple, workable 
solution for a rather difficult problem. It is true that the general 
equations have been known for some time in differential form, 
but it is doubtful whether engineers have ever made much, if 
any, use of them. Now, thanks to the author’s labor of setting 
up the power series and solving the coefficients, together with 
his ingenious method of adjusting the results so as to fit the 
prescribed boundary conditions, it is possible to find the maxi- 
mum deflection and the important stresses in a circular plate 
clamped at the edges, simply by referring to the proper curve in 
Fig. 6 or Fig. 7. 

It is interesting to note how nearly accurate are the two ap- 
proximate solutions mentioned by the author, as far as maximum 
deflection is concerned. In this connection, it should be pointed 
out that the solution by Timoshenko, Equation [35], was evi- 
dently worked out for » = 0.3. If uu is changed to 0.25, the 
curve for this approximate solution would shift slightly to the 
left, in the manner indicated in Fig. 6, and the error on the side 
of safety would be greater. This, however, makes practically 
no difference as long as the proper value of yu? is used in the last 
term of Equation [35], as was apparently done in the paper. 

The writer would like to place on record another approximate 
solution (not original) which gives practically the same maximum 
deflection as the Nadai and Timoshenko formulas, and in addi- 
tion gives membrane stresses at the center and edge that agree 
substantially with the exact method. By multiplying equation 
[8] by r, differentiating and then dividing by r, the fundamental 
equation of equilibrium is obtained: 


Daf dlid( dw hd dw 
r dr ] drUrdr\ dr rdr dr 


After performing the differentiation indicated in the third term, 
and using the relation between a,’ and o;’ given by Equation [9], 
we have: 


_Dd d 1d dw [42b] 


M4 Associate Professor of Mechanical Engineering, Yale Uni- 
versity, New Haven, Conn. Assoc-Mem. A.S.M.E. 
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where R, and R; are the radial and tangential radii of curvature 
of the middle surface. If there were no membrane stresses, 
the third term would vanish, the external work would be 


a 
of wrdr, and the equivalent strain energy of bending would be 


“a 

ld lw 
rdr dr |_rdr 


dr 
to deflection. Now, if membrane stresses are considered, and we 
neglect all ayy except those normal to the middle 
surface, e/w = 1/R, and the strain energy of stretching may be 


_ expressed by  mealiniving the third term above by !/2w and 
_ integrating over the entire plate. The total external work is 


a 
longer xp 
0 
is only a small part of the total, about 20 per cent when the 
deflection at the center equals the plate thickness, we may 
assume as an approximation that the straight line relation still 


holds, giving 
djld dw ) 
wrdr 
dr r dr dr f 


a a 
=p wrdr = f 
0 
dw 
r dr dr 


Then we may assume a value for w in terms of r and a constant, 
_ perform the indicated operations, and solve for the constant or 
at least get a relation between it and p. The simplest assumption 
2 
r? 
1 — s) , as this is the expression for w when the 
a 


wrdr, but, since the strain energy of stretching 


rdr 


is w = 
_ membrane stresses are neglected. Letting r = aS, we have from 


Equation [10] 


d wo? 
S — (e,’ =- 284 + S? 
as (or’ + a’) a? ( + 
SE wo? 1 
(or +o’) =— Ss? + A 
a 6 2 
Equation [9] 
l 
or’ + or’ = or’ + (Sor’) = as 


From this relation, values for or’ and o:’ may be obtained: 


2 f 
7 a? \2 S?. 6 3 


5- 
(5 — 3u 


Returning to the approximate energy Equation [43], and sub- 
awpa*b 


— + 20S! — [45] 


otituting the values of w and o,’, the first term gives ; the 
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When these are equated and reduced to the same form as Equa- — 
tions [33] or [35], and yu is given the value 0.25, we have 


Wo wo \* 3 pla 
=—=\|- 
16 E \h 
Furthermore, when S is given the values 0 and 1 in Equations © 


[44] and [45], and » = 0.3, we have the membrane stress at the — 
center 


second gives ———$ and the third gives — 


aug? Wo 
— =0.976(—]} ............... 47] 
97 ( (47) 
and the radial membrane stress at the edge 


All three of these equations agree well with the exact curves in 
Figs. 7 and 8, up to deflections of the order of wo/h = 1.25; 
both [46] and [47] err on the side of safety, and [48] is always 
less than [47] and is therefore not critical. 

When we compare the bending stresses of the approximate 
method the agreement is very poor, and the reason is not hard 
to find. The approximate method gives the same bending 
stress as the linear theory, when expressed in terms of maximum 
deflection, because the approximate method assumes the same 
geometrical form for the bent plate as does the linear theory. ' 
Actually, the bent plate will tend to assume the form of a thin 
membrane, with very sharp curvature at the edge and fairly 
uniform curvature everywhere else. In consequence of this we 
have, by the exact method, extra large bending stresses at the 
edge and smaller bending stresses at the center. In this feature, 
if in no other, the exact solution developed by the author is 
clearly far superior to any approximate method which assumes 
a form for the bent plate similar to that given by the linear 
theory. 

A close approximation to the true bending stress at the rim 
may be obtained by taking a slightly different form for the bent 
surface, say w = wo(1 — S*)(1 + kS?), and using the minimum 
energy principle for wo and k. Assuming that k is a small cor- 
rection whose powers higher than the first may be neglected, we 
have approximately k = 0.02 pat/Eh‘, which when substituted 
in the appropriate formula for ¢,,” gives good agreement with 
the upper curve in Fig. 7. s* 


AUTHOR’s CLOSURE 


Equation [10], the origin of which may seem mysterious, can 
be obtained from Equations [la] and [1b] of the paper as follows: 


e,’ = la]; =" 1b 
a 
From Equation [1}] 

To determine the constants of integration, we have o,’ and SS +) 4 
finite when S = 0, and = yor’ when S = 1. Therefore dp d (re:’)... 

-3 d 
+4 [44] If we substitute for = in Equation [la] we obtain 


(ro.’ — 


2 

— pror’) + — 


> 
vf 
few 
€ 
ed 
dr 
= 


u2Sro uo*Sr’(0) "(0) 
d Re? d “Exact” 0.49 0.97 —~5.46 2.35 
— + (rae’) + (ror’) — or’ |.... [51] Nadai 0.52 1.00 —5.55 2.32 


By Equation [9] the right-hand member of Equation [51] is zero, [tis seen that for the stresses, Nadai’s method errs on the safe 
and the left member can be transformed using Equation [9] to side, except in the case of the bending stress at the center. 

give Equation [33], which comes from Nadai’s solution, does not 

d Ee? make available the full accuracy of that solution, as it is only a 

.< = , (rar’) +—= [52] first approximation of the results of the solution. If the values 

given in the table on page 297 of ‘‘Die Elastische Platten’”’ had 


7 been used instead of Equation [33] in plotting the curve in Fig. 
— 8, better agreement would have been found with the “exact” 
+ o’) method. Furthermore, the error would have been on the safe 


side for wo/h = 1. 

Dr. Donnell brings up the question of the accuracy of the ap- Professor Waters has shown another interesting approximate 
proximate methods in giving the stresses. The author recently method which gives expressions for the membrane stresses. He 
made calculations for plates with Poisson’s ratio » = 1/4 in points out also that the numerical constant 0.488 in Equation 
order to make this comparison. For pa‘/Eh* = 9.19, stresses [35] is based on an assumed Poisson’s ratio » = 0.3, and the 
found by the “exact” theory and those found by Nadai are as__ author regrets this oversight. For u = 0.25 this constant should 
follows: be 0.477 
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Studies 


This paper covers three laboratory studies in photo- 
elastic stress determination. 

The first of these is an investigation of the strain-creep 
characteristics of bakelite and phenolite. It was under- 
taken in the belief that the information to be obtained 
would indicate how closely the behavior of these materials 
under load approached the theoretical proportionality of 
strain to stress; the significance of exact knowledge of the 
degree to which this relationship holds true being that the 
deduction of stress distribution in structural materials 
by photoelastic means is based on the assumption that the 
photoelastic specimen does conform to Hooke’s law. The 
tests performed are described in detail and from the re- 
sults it is concluded that with these materials the depar- 
ture from the Hooke’s law stress-strain relationship is ex- 
ceedingly small and does not vary with time of loading 
within a two-hour period. 

The second study was undertaken in the belief that more 
accurate information regarding stress concentration at 
points of sharp change in sections of machine parts could 

_ be obtained with bakelite and phenolite and the mono- 
chromatic fringe-photograph method than obtained pre- 
viously with celluloid models. The paper describes the 
methods used in testing for both tension and bending and 


I—STRAIN CREEP IN BAKELITE AND came 


HE high optical sensitivity of bakelite*® (1)* and phenolite® 

(2), which is four or five times that of celluloid (2, 3, 4), 

« is chiefly responsible for their extensive use in photoelastic 

stress determination. Their proportional limit is about twice 

that of celluloid. This combination makes them particularly 

- suitable for use in the monochromatic fringe-photograph method 

(5) in which a large number of black and white fringes permits 
increased accuracy of stress determination. 


1 From a dissertation submitted in partial fulfilment of the re- 
- quirements for the degree of Doctor of Philosophy at the University 
q Michigan. 
? Engaged in private research work. Dr. Weibel received the de- 
gree of B.Sc. in Mechanical Engineering at McGill University, Mon- 
: _treal, in 1918. During the summers, 1915 to 1917, he was employed 
as structural draftsman with the Dominion Bridge Company, Ltd., 

Montreal; and from 1918 to 1922 as mechanical designer and esti- 

~ mator on steam-turbine and electric-crane work. From 1922 to 

1997 he was supervisor, under the mechanical engineer of the com- 
pany, of the mechanical-design squad on cranes, hydroelectric 

regulating gates, etc. During 1928-29 he studied mathematics at 

the University of Toronto and in 1929 returned to the Dominion 

Bridge Company where he was employed on mechanical standardiza- 

tion and as field engineer on the installation of hydroelectric equip- 

- ment. In 1931 Dr. Weibel received the M.S.E. degree and in 1932 
the degree of Ph.D. in Engineering Mechanics from the University 

_of Michigan where he specialized in photoelastic stress determination. 

’ Type C-25 bakelite used in the present experiments was pur- 

_ chased from the Bakelite Corp. of America. 

‘ Numbers in parentheses refer to Bibliography at the end of the 
paper. 

* The phenolite used was purchased from the Institute for Physi- 
cal and Chemical Research, Tokyo, Japan. 

Contributed by the Applied Mechanics Division and presented at 
the Annual Meeting, New York, N. Y., December 4 to 8, 1933, of 
THE AMERICAN SociEty OF MECHANICAL ENGINEERS. 

Note: Statements and opinions advanced in papers are to be 

_ understood as individual expressions of their authors, and not those 


sin Photocinstac Determination 


includes fringe photographs illustrating the changes in > 
stress distribution for different ratios of fillet radius to _ 
the width of the narrow section of the specimen. From | 
these tests the author has established the values of the © 
stress concentration factor, in both tension and bending, i> 
for a considerable range of the fillet-width ratio. 

The third study as set forth in this paper is the applica- 
tion of the membrane analogy in conjunction with the 
photoelastic results to the determination of stresses in a 
specimen subjected to bending. A soap film, used as the 
membrane, was enclosed by a frame of same shape as the | 
specimen being studied. Its boundary ordinates, mea- 
sured perpendicularly, were made proportional to the © 
corresponding boundary values of the sum of the principal — 
stresses. Under these conditions the ordinates of all — 
points of the membrane are proportional to the sum of the | 
two principal stresses at the corresponding points on the 
stressed member. The lengths of the ordinates a. 
measured by means of a depth michrometer and the stress _ 
values at the corresponding points on the stressed splice 


determined from these. Because of the ease of applica- 
tion and accuracy of the results obtained it is believed that 
the membrane analogy will find increasing use in conjunc- 
tion with photoelastic studies. 


_ The application of the photoelastic effect to the determination — 


of stress distribution in plane stress problems is based upon the 
assumption that stress distribution in the photvelastic specimen 
is a true representation of that which would occur in a construc-— 
tion material which obeys Hooke’s law of the proportionality of 
stress to strain. About 1923 Filon and Jessop studied strain — 
creep in celluloid (6) and found that below a certain value of stress 
initial strain was proportional to stress and that strain creep was 
roughly proportional to stress squared. The implication in these 
results is that, at the moment of loading a celluloid specimen, the 
stress distribution is a true Hooke’s law distribution but that the 
distribution changes with duration of load period, departing in- 
creasingly from the Hooke’s law distribution. 

A consideration of the amount of departure from a linear stress- 
strain relation in two actual samples of celluloid will perhaps sug- 
gest that the effect on stress distribution will not always be negli- 
gible. One sample of xylonite (celluloid) showed strain creep 
12.8 per cent of initial strain® in ten minutes under a constant 
stress of 1900 lb per sq in. The departure from a linear stress- 
strain relation in this case between 950 Ib per sq in. and 1900 Ib 
per sq in. can be shown to be 6.4 per cent, assuming creep propor- 
tional to the square of the stress. Edmonds and McMinn made 
extensive experiments on strain creep in celluloid in 1931 (7). 
One sample, Material G, Table 1, Fig. 3, of their paper, showed 
6 per cent creep in ten minutes under a constant stress of 2000 
lb per sq in. The departure from Hooke’s law in this case be- 
tween 1000 and 2000 lb per sq in. would be 3 per cent. 

Bakelite and phenolite are finding increasing use as photoelas- 
tic materials, the former chiefly in this country and the latter in 
Japan. They are both known to exhibit the phenomenon of 
strain creep but published accounts of experiments on the stress- 
strain relation have not been found, other than the usual stress- 


* Calculated from values at 30 minutes given in ‘‘Photo-Elasticity,”’ 
by Coker and Filon, Cambridge University Press, 1931, p. 271. 
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strain diagram obtained by loading and unloading a tension speci- 
men at either a constant rate of deformation or a constant rate 
of loading. The present experiments on strain creep in type C-25 
bakelite and phenolite were undertaken in the belief that the in- 
formation to be obtained would indicate how closely the stress 
distribution in specimens of these materials approaches the 
Hooke’s law distribution, both at the instant of loading and 
at later instants. 


EQUIPMENT 


Test Piece. The test piece shown in Fig. 1 was about 5/j¢ in. 
square in the body with bushed pinholes at 31/, in. centers. It 


SECTION AT A 

SQUARE 

> 


7, 
SECTION AT B ed 


Fie. 1 Test SpecIMEN 


was carefully polished on all sides and the corners rounded to pre- 
vent nicking of the edges and consequent failure at a low aver- 
age tensile stress. The test specimen was for use in tension and 
compression. Its dimensions were limited to some extent by the 
capacity of the loading frame available. 

Extensometers. Martens mirror-type extensometers with a 
gage length of 1/2 in. were used. A short gage length was origi- 
nally used, as with it and the standard Martens knife edges the 
angularity of the light beam was so small that correction of read- 
ings was unnecessary. It also permitted the extensometers to 
be clamped at points well removed from the points of non-uni- 
form stress at the fillets. 

To protect the specimen from being scratched by the exten- 
someter knife edges and to reduce friction small polished metal 
plates were attached at the gage points with Ambroid cement. 
In the earlier experiments the extensometer knife edges had a 
bearing across the full width of the specimen. This gave incon- 
sistent results in the compression tests and was modified so that 
a point bearing at the center line of specimen was obtained. At 
the same time the distance members of the extensometer were 
made of bakelite of the same cross-section as the specimen so that 
strain readings would be virtually independent of small tempera- 
ture changes. This detail is important as creep values are ex- 
ceedingly small and the coefficient of expansion of phenolite, for 
example, is about sixteen times that of steel (8). The latter ex- 
tensometer arrangement is shown in Fig. 3. 

Loading Arrangement. Loading of the specimen was done by 
means of weights and a steel beam resting on a knife-edge at- 
tached to the loading frame of the photoelastic outfit. The 
change from tension to compression loading was effected by re- 
moving the specimen with extensometers attached, taking care 
not to disturb their setting, and shifting the position of the ful- 
crum. The photographs, Figs. 2 and 3 show these arrangements 
with extensometers, telescopes, and scales. 


The handle shown 
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was attached to an eccentric cam which permitted the load to 
be applied or removed quickly and smoothly. 


Tests at Constant LOADING AND UNLOADING RaTE 


These were tension tests in which a constant rate of loading was 
obtained by carefully adding equal load increments at precise 
intervals of time. Extensometer readings also were taken at pre- 
cise time intervals. Unloading was carried out in a similar man- 
ner. Figs. 4 and 5 are two curves obtained for bakelite and 
phenolite at loading rates of 662 and 744 lb per sq in. per minute 
respectively. Proportional limits of about 4000 and 3500 lb per 
sq in. are obtained from the respective curves. The effect of 
strain creep is apparent in the relative displacement of the un- 

loading curve. The displacement when the specimen is com- 


- pletely unloaded is not a permanent set but disappears almost 


LoaADING ARRANGEMENT FOR TENSION TESTS SHOWING 
MartTEeNS Mirror EXTENSOMETERS AND TELESCOPES 


Fig. 2 


Fie. 3 Loapinc ARRANGEMENT FOR COMPRESSION TESTS 
(Distance members of extensometers are made of bakelite.) 


entirely in a length of time equal to the duration of the load 
period. 

Different speeds of loading might result in different values of 
proportional limit, as was found by Edmonds and McMinn 
(7) for celluloid, but a large number of tests of this type were not 
carried out as the conditions of loading are too much unlike those 
of a photoelastic test for the results to be directly applicable. 

Strain Creep Tests. The object of the strain creep tests was 
to obtain indirectly stress-strain curves which would truly repre- 
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sent the stress-strain relation in a photoelastic model at any 
time after the application of the load. 
From a single strain-creep test at constant stress a curve of 
strain on a time base can be obtained. The value of strain at, 
say, five minutes after application of the load together with the 
value of stress used in that test would be a pair of values from 
which one point on the “five-minute stress-strain diagram’’ is 
obtained. If twelve points on the stress-strain diagram are 
arbitrarily demanded then twelve strain-creep tests must be run. 
In the strain-creep tests the specimen was subjected to a tension 
or compression load which was applied quickly by means of 
the eccentric lever and which remained constant for a period of 
15 minutes, during which strain readings were taken at suitable 
intervals. The load was then removed and the specimen was left 

unloaded for at least 15 minutes before starting another strain- 
creep test. A series of tests comprised six in tension and six in 
compression. In one series of tests on bakelite the following 
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Fie. 5 Loap-Untoap PHENOLITE 
(Loading rate: 744 lb per sq in. per min. E = 775,000 lb per sq in.) 


values of stress were used: tension, 1252, 2408, 3400, 4700, 
5845, and 7000 Ib per sq in.; compression, 1482, 2584, 3685, 
4790, 5890, and 6980 Ib per sq in. A number of series of tests 
of the above type were carried out on each material. 

The results of such a group of tests were plotted on a single 
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sheet, strain on a time base, examples of which for bakelite and 
phenolite are shown in Figs. 6 and 7, respectively. The inter- 
sections of these curves with a vertical line drawn at a particular 
time after loading yield pairs of values of stress and strain each 


of which gives a point on the stress-strain curve. In Figs. 8 
and 9 are shown the 
15-minute stress- 
strain curves for bake- 
lite and _ phenolite, 5990 | 
respectively. The 5- 
and 10-minutecurves 4735 
were of the same ( A 
type.  Stress-strain 3575 
curves for the instant z 
of loading were not 5 T n 
satisfactory as,dueto > 12558 | 
the high initial rate %, | 
= | 
of creep, accurate S TIME 10 MINS 1S 
strain readings were =f a 
obtained with diffi- 1535 
, 
culty. -2695 
The bakelite speci- — 
men used was one 2 
which had been com- 
pleted a few months L 
previously. It was 0 ' 
tested before and r 


after an annealing 
with little difference 
in the results. 
phenolite specimen 


had been heat treated 

for 24 hours at 130 C 5077 |LBS/IN* 

and cooled slowly to ‘i 

room’ temperature. ‘ 4000 

Heat treatment of 

this material for from 3020 

20 to 70 hours at 130 —* 

C7 reduces the 2040 

amount of strain 

creep and raises the 22 1060 a 

modulus of elasticity. 
Curves. Examina- ‘2 

tion of Figs. 6 and7 50 S TIME 10 MINS. 

shows that the creep 4 1039 

rate is high immedi- 

ately after applica- -2 

tion of the load and ra 

that it decreases rap- hace. 2760 w 

idly with time of a S 

loading. Values of 3595 

strain creep are dis 4300 

cussed later in con- 00 i 

nection with strain- 

creep tests of two 

hours duration. Con- 


sidering the tension 8 
portions of the stress- Fic. 7 Srrain-Trwe 
strain curves in Figs. 

8 and 9 it is found that for bakelite the departure from linear 
between 2000 and 4000 lb per sq in. is 0.7 (+0.2) per cent for 
the 5-, 10-, and 15-minute curves, and for the phenolite the cor- 
responding figure is 0.8 (+ 0.2) percent. The differences in these 
figures were small and irregular, experimental errors probably 
masking the true values so that no conclusions could be drawn 


Fic. 6 Srrain-Time Curves—C-25 
BAKELITE 
The 


7 Suggested in a personal letter from Dr. Z. Tuzi. > eames 
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as to whether the departure from linear increases with time of 
loading. 

The compression portions of the curves in Figs. 8 and 9 
were not drawn through the compression points but were an 
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Fic. 9 Srepss-Strain RELATION FOR PHENOLITE 15 MINUTES 
AFTER LOADING 
(EZ = 745,000 lb per sq in.) 


extension of the tension curves. Compression points in general 
lie slightly to the right of these extended lines which would indi- 
cate a modulus 0.5 to 1.2 per cent higher in compression than in 
tension, or that a slight slipping of the extensometer points had 
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occurred in changing over from tension to compression loading. 
The latter explanation is the more probable. An error of about 
0.3 per cent may also be present due to inaccurate measurement 
of lever arms. 

The departure from linear noted in the tension tests may be 
due largely to slipping of extensometers, which was difficult to 
control. In successive tests on a specimen at the same stress, 
strain readings could often be duplicated within 0.3 per cent, but 
only by exercising care in preventing the specimen from being 
jarred. 

Two-Hour Strain-Creep Tests. The question as to whether the 
departure from a linear stress-strain relation varies with time 


Fig. 10 Srratn-Time Curves ror C-25 Test 
S4 
5.0— 
48- 
4! 
z 
| 
32, 
Fig. 11 Srrain-Time Curves ror PHENOLITE—2-Howur TeEst 


could not be answered by the experiments just described as they 
were of too short duration. Consequently two two-hour strain- 
creep tests were run on the bakelite specimen at constant tension 
stresses of 2420 and 3580 lb per sq in., respectively, and two on the 
phenolite specimen at stresses of 2452 and 3566 lb per sq in. 
The strain-time curves are shown in Figs. 10 and 11. 

For bakelite the strain creep in 15 minutes is 3 per cent of initial 
strain for both values of stress, and in 2 hours it is 5 per cent of 
initial strain, for both values of stress. For phenolite the corre- 
sponding figures are 16 and 24 per cent. Variations within the 
estimated experimental error of +0.3 per cent are neglected in 
presenting these results. 

The fact that strain creep is the same percentage of initial 
strain for two different values of stress signifies that the stress- 
strain relation is unchanged with time of loading. This is shown 
also by a consideration of the departure from a linear relation at 
different times in these tests. For bakelite the departures from 
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_were 0.9, 0.9, and 1.0 per cent, respectively. For phenolite cor- This is of interest as an analogous result has been found for _ 
_ responding figures were 1.0, 0.6, and 0.6. Since the differences optical creep. Relative optical retardation in celluloid (6) fol- 
in these figures are within the experimental error it may be con- _ lows the same law as that given above for strain, the coefficient _ 
cluded that the departure from a linear stress-strain relation does _ of ¢'/* being again proportional to the stress squared. Arakawa 
not change within a two-hour load period. (3) has shown that relative retardation in bakelite follows the — 
Modulus of elasticity for bakelite in these tests varied from _ same law, the coefficient of t'/* in the case of bakelite being closely — 


620,000 Ib per sq in. at the instant of loading to 591,000 lb per 

_ sqin. in two hours. For phenolite the modulus varied from 820,- 

000 Ib per sq in. at the beginning of the test to 675,000 Ib per 

sq in. at the end. An error of 3 per cent due to inaccurate set- 

ting of gage length may be present in these figures which are 
mentioned only incidentally. 

A phenolite specimen which had been heated 72 hours at 130 C 
was run through a two-hour strain-creep test and showed strain 
creep 10.8 per cent in 15 minutes and 14.3 per cent in two hours. 

~ Modulus of elasticity varied from 812,000 to 740,000 lb per sq 
in. 
i Comparison With Celluloid. In their paper on strain creep in 
Celluloid (6), Filon and Jessop, after rejecting a formula derived 
theoretically on the assumption of two constituents, one elastic, 
_ the other viscous, adopted the empirical formula: 


e = + at'/? + bi 
in which e = strain at time, ¢ minutes - = 


€) = initial strain, roughly proportional to stress 
a = a constant, roughly proportional to square of stress 
b = a small constant, insignificant. 
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Fig. 12 Srress-CoNCENTRATION FactorS—TENSION 


In the present study a two-hour strain-creep test was made on 
the bakelite specimen at 2405 lb per sq in. tension stress. The 
fifteen strain-time points were fitted to the above type of formula 
by a method of least squares and found to agree remarkably well, 
the maximum residue being 0.26 per cent. The test was made 
with the early extensometer arrangement which was not inde- 
pendent of temperature variations, but as there has not been time 
to make a similar study of the later results it is included as being 

_ of interest. The temperature variation during this test could not 
be detected on a glass thermometer but it is believed to have been 
sufficient to affect the constant b in the formula. 

If, as is probable, this formula applies to bakelite, the results 
of the two-hour tests mentioned earlier would indicate that for 
bakelite the constant a is proportional to the first power of stress. 


proportional to the first power of stress. 


A study of the agreement between the strain-time results for — 
phenolite and the Filon and Jessop formula has not as yet been — 


made. * 


Conclusions. From the series of fifteen-minute tests it is 


concluded that for both C-25 bakelite and phenolite heat-treated 
as described, the stress-strain relation between 4000 lb per sq in. 
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tension stress and 4000 lb per sq in. compression stress, during a 
fifteen-minute loading period, is linear within about one per cent. 

From the two-hour tests it is concluded that the departure from 
a linear stress-strain relation does not vary in these materials 
with time of loading, within a two-hour period. 

A tentative conclusion is that strain in bakelite follows the 
Filon and Jessop formula, the coefficient of t'/* being roughly 
proportional to stress. 

Interpreting these results in their relation to the stress dis- 
tribution in photoelastic models of bakelite or phenolite, we may 
conclude that the departure from the Hooke’s law distribution 
will be very small and may be neglected. 

Strain creep for phenolite is considerably greater than that 
for C-25 bakelite, but as creep is proportional to stress this has 
no effect on stress distribution which approximates closely the 
theoretical for both materials at all times within a two-hour period 
after loading. 


II—STRESS-CONCENTRATION FACTORS FOR TENSION 
AND BENDING MEMBERS 


It is usual to provide fillets of as large radius as convenient at 
sharp changes of section in machine parts because fatigue fail- 
ures are known to begin at such points. Little accurate informa- 
tion is available as to the amount by which stress is increased for 
different proportions of a member. 

Values for factors of maximum stress concentration for ten- 
sion members of the form shown in Fig. 12 were determined photo- 
elastically and tabulated in a paper by Timoshenko and Dietz 
(10) in 1925. In connection with his photoelastic studies on 
tensile-test specimens H. B. Maris (11) published in 1927 a table 
similar to that by Timoshenko and Dietz but covering a different 


* The values of e and a for the curves of Fig. 11 have since been 
found to be proportional to stress, within about two per cent. 
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. the order of plus or minus 5 per cent. 
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range of proportions. Coker published four values of the same 
factor in some photoelastic studies on tensile test specimens® (9). 
Reports of other experimental or of analytical work on this form 
of member have not been found in the literature. 

All of the above mentioned photoelastic work was done using 
celluloid models and a compensating strip of the same material 
or a Babinet compensator. The present work was undertaken 
in the belief that more accurate results might be obtained by the 
use of the more sensitive photoelastic materials, bakelite and 
phenolite, and the monochromatic fringe-photograph method 
(5). 

One purpose of the present study was to obtain factors of maxi- 
mum stress concentration for tension members of the form shown 
in Fig. 12, for a range of values of D/d from 3 to 1.5, and of R/d 
from 1/3 to 1/2. This was roughly the range covered in the paper 
of Timoshenko and Dietz. In that paper it was concluded on 
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rather limited experimental evidence that the values for factors 
in tension would hold also in bending. The present experiments 
were extended to include a study of concentration factors for 
members of the same form loaded by a pure bending moment as 
indicated in Fig. 13. 

Acknowledgment is made of the use of Wahl and Beeuwkes’ 
method? of determining fringe order at the point of maximum 
stress concentration by extrapolation beyond the apparent 
boundary of the specimen. The curves of Figs. 12 and 13 were 
obtained by this means. Before learning of this method a set 
of curves had been obtained which agreed closely with the ones 
shown, but the uncertainty regarding individual points was of 
More consistent results 
are possible using the extrapolation method; two subsequent 
experiments made to check the values of factors for R/d 0.2745 
and 0.505, respectively, gave values which agreed with those 
shown in Figs. 12 and 13 within 1 per cent. 


PHOTOELASTIC MODELS 


The models were made from type C-25 bakelite or of phenolite 
of about 4/, in. thickness, polished on both faces and of initial 
dimensions as shown by the full lines of Fig. 14. _ All the points 
on the curves of Figs. 12 and 13 were obtained by the use of 
two models of bakelite which were filed and machined to a new 


8 “‘Photo-Elasticity,’”’ by Coker and Filon, Cambridge University 
Press, 1931, pp. 564, 574. 

* “Stress Concentration Produced by Holes and Notches,”’ by 
Wahl and Beeuwkes, A.S.M.E. Trans., 1934, paper APM-56-11. 
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set of proportions after each test, the final shape of model being 
indicated by dotted lines in Fig. 14. Annealing of the model was 
done as has been described by Frocht (12) and Solakian and Kare- 
litz (13). An automatic temperature regulator for the electric 
furnace was available and the dial of this was actuated by a 
clock and traveling-nut device to lower the temperature about 
3!/. C per hr. 


Fig. 15 Trnston-LoADING ARRANGEMENT IN STRESS-CONCENTRA- 
TION EXPERIMENTS 
(Transparent yellow phenolite model appears black in photograph.) 
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Steel side plates attached to the model made it possible to ap- 
ply a pure bending moment or tension forces as desired. The 
method of loading is indicated in Fig. 14 and in the photo- 
graphs Figs. 15 and 16. 

Considerable difficulty was experienced in obtaining accuracy 
of form in the region of the fillet, presumably due to the difference 
of cutting action along the straight portions of the contour and in 


— 


the curve of the fillet. When cutting in the fillet, the milling 
cutters had a tendency to deflect or to bite in too deeply causing 
edge stresses where these were least desired. The method of 
obtaining the final contour was to lap the fillet by hand using a 
piece of drill rod of the correct diameter and fine emery powder. 
_ The straight portions were then milled to within about 0.0005 
in. of the final shape using a cutter of smaller radius than the 
- fillet radius, and were finished by hand lapping. A vise with 
fixture for guiding the lap made the lapping a simple and quick 
operation. Accuracy of form was checked by means of a micro- 
- scope with a measuring head and magnification of about eighteen 
diameters. 


Test ProcepURE AND METHOD 


A preliminary study of optical creep in type C-25 bakelite and 
phenolite was made. The stress-optic relation at any time within 
30 minutes after loading was found to be linear for values of stress 
up to at least 3500 Ib per sq in. which was the maximum used in 
_ the stress concentration factor tests. Optical creep for C-25 
bakelite in 30 minutes was approximately 4 per cent of initial 
optical retardation and for phenolite approximately 8 per cent. 
The presence of optical creep was allowed for in the loading tests 
by taking all photographs for one set of tests at the same number 
of minutes after applying the load, usually from 5 to 15 minutes. 

Whenever possible the photoelastic tests were carried out im- 
mediately after completion of a model, as it was found that a de- 
lay of four hours caused edge stresses which introduced some un- 
— certainty in estimating the fringe order at the point of maximum 
stress. In most cases complete elimination of internal stresses 
in the bakelite specimen by annealing was not obtained, but pro- 
vided local edge stresses were not present, this is believed not to 
have affected the accuracy of the results obtained because of the 
- method used in making the tests. 

In two separate bending tests, moments of equal value but of 
opposite sign were applied to the specimen. The number of 
fringes at a fillet when it was on the tension side was different 
from the number of fringes in the same fillet when in compres- 
sion. The average of these two values gave the true fringe order 
and half the difference gave the apparent initial stress at the point 
considered. Models were used in which this initial stress was as 
- much as 0.35 fringe order. Non-uniformity of this initial stress 
condition would be indicated by a difference in the position of 
maximum stress in the two tests. If this difference is small the 
error introduced by the presence of initial stress is negligible. It 
is believed that the method of reversing the sign of external 
forces will increase the accuracy of results even in cases where 
apparently perfect annealing has been obtained, for the reason 
that an initial stress equivalent to about 0.1 fringe cannot be 
detected easily by examination of the unloaded model. 

For the tension tests it was not practicable to run a correspond- 
ing set of compression tests because of the buckling-strength 
limitations of the models. The values of initial stress deter- 
mined from the bending tests were used as a small correction 
however, and added algebraically to the fringe values obtained 
from the tension-test photographs. A single compression test 
was run in which the model was supported laterally by clamping 
metal rods on the two sides along its center line. The average 
of fringe orders observed in this test and the corresponding ten- 
sion test checked closely with that obtained by making the cor- 
rection mentioned. 

The point of maximum stress was found to be about ten degrees 
from the point of tangency of the curve of the fillet and the 
straight side of the narrow portion of the model. As an adapta- 
tion of Wahl and Beeuwkes’ method of extrapolation (14) three 
lines having an inclination of ten degrees with the center line 
of the model were scratched on one face near each fillet contour. 
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The distance between any two of these lines and the distance from 
one of them to the boundary were used in determining the true 
position of boundary on the fringe photograph. 

To determine the fringe order in the straight part of the model 
in the pure-bending test a series of scratches was made across the 
width of the specimen. Any two of these could be used to 
measure the number of fringes in a known proportion of the total 
depth, from which the true fringe order at the straight boundary 
could be calculated. The fringe order in the straight portion in 
the tension tests was calculated from the known stress and the 
stress value per fringe obtained in the bending tests on the same 
model. 

For each set of proportions four bending tests and two tension 
tests were made. In the first two bending tests, moments were 
used which gave maximum stresses of about 3200 and 3500_Ib 
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per sq in., respectively. Photographs were taken for these two 
loadings. The model was then reversed in the loading device 
so that the fillet originally in tension was put into compression 
and these same moments were again applied, a photograph being 
taken for each loading. The two tension tests were then made 
at maximum stresses of about 3200 and 3500 lb per sq in., a photo- 
graph being taken for each loading. From the six photographs 
obtained in this manner, extrapolation curves of the type shown 
in Fig. 17 were drawn; four for each value of bending moment and 
two for each value of tension load. 

The stress-concentration factor in pure bending is defined as the 
ratio of maximum stress in the fillet to maximum stress in the 
straight part of the member where conditions are uniform. The 
same definition would apply to the case of tension, the stress in 
this case being uniform across a section of the straight portion. 
Values of the factors shown in Figs. 12 and 13 were calculated 
using the ratio of maximum fringe order in fillet to maximum 
fringe order in straight portion, allowance being made for initial 
stress as outlined above. 

Fringe photographs for different ratios of fillet radius to width 
of narrow section are shown in Figs. 18 to 26. 


Fie. 17 Typicat ExTRAPOLATION CURVE 
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CuRVES AND DIscuUSsSION 


In the curves of Figs. 12 and 13 stress-concentration factors are 
plotted against values of the ratio R/d, 


i 
Width of Narrow Portion ; 


The large circles are for the case D/d = 3 and the large squares for 
D/d = 1.5. In Fig. 12 the triangles are the results obtained by 
Timoshenko and Dietz for the tension factor for D/d = 3 and the 
round dots their results for D/d = 1.5. The three crosses are 
Coker’s results for the tension factor for D/d = 2.03. 

The present results indicate that there is a riegligible difference 
in either the tension or bending factor for values of D/d between 
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«1.5 and 3.0. This is in contrast with the values shown by Timo- 
__ shenko and Dietz. Perhaps since the point of maximum stress 
is very near to the point of tangency of the fillet and the narrow 
portion of the member, and relatively distant from the wide 


FRINGE PHOTOGRAPH OF PHENOLITE Mopet UnpER TEN- 
SION LOADING 
(D/d = 2.5, R/d = 0.34.) 


Fig. 21 Pure BenpinG APPLIED To A BAKELITE MoDEL 
(D/d = 3, R/d = 0.125. Fillet A in tension.) 


SHown Fico. 18 


Fic. 22. Move. SHown Fia. 21 With Equat Moment oF Op- 
POSITE SIGN 
(Fillet B in Tension.) 


portion, variations in shape of the wide portion will have little 
effect upon stream lines of stress at this point. 
Fic. 20 CantTiLever BenpinGc To SHown IN Fias. The factors fi bending shown in Fig. 13 are also indepen- 
18 anp 19 dent of the ratio D/d within the range studied. They are roughly 
(Lever arm is four times narrow width.) 20 per cent lower than the tension factors for corresponding values 
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7 of R/d. This disagrees with the conclusion set forth in the paper 
by Timoshenko and Dietz, that tension factors might be used for 
the case of bending. 

The factors for pure bending would be expected to apply almost 
exactly for cases of cantilever bending in which the ratio of lever 
arm to depth d is greater than 4, as the chief difference in such 
_ cases is the presence of a shear stress in the cantilever beam whose 
average value is not over 4'/, per cent of the value of maximum 
stress in the straight narrow portion of the member. 


-III—USE OF A SOAP FILM IN THE PLANE-STRESS PRO 
LEM 


The fringes in a fringe photograph obtained by the photoelas- 
tic method are lines of constant maximum shear stress, or since 


Fie. 23) Tensign Loapine Appiiep TO Move. SHown InN Fias. 
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Fic. 24 Pure IN BAKELITE MopEL 
(D/d = 1.5, R/d = 0.062.) 


in the case of two dimensional stress the maximum shear stress is 
half the difference of the principal stresses, usually denoted by 
P and Q, respectively, the fringes may be considered as lines of 


constant (P — Q). 
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The directions of principal stresses are also obtained photo- 
elastically by observing the loaded model in plane polarized 
light instead of in circularly polarized light as used for the fringe 
photograph. Lines of constant stress direction are known as © 
isoclinics. 

Since for a complete stress solution the value of each principal 
stress must be known at all points it is evident that the above in- 


Fic. 26 CANTILEVER BENDING IN PHENOLITE Mope.t WitTH VERY 
SMALL Rapius 


(Material was overstressed accidentally providing a striking example of a 
photograph in which fringes could not - counted at point of maximum 
stress. 


formation obtained photoelastically is not sufficient. Several 
methods for completing the solution are in use, all of which re- 
quire tedious measurements or calculations. 

A purely mechanical method is the lateral extensometer method 
which was suggested by Mesnager and which was developed and 
used extensively by Coker.'® In this method very precise mea- 
surements of the change in thickness of the photoelastic model are 
made at different points. From these the value of the sum of the 
principal stresses, (P + Q), is found. Combining these results 
with the known values of (P — Q), the values of the individual 
principal stresses P and Q are obtained. 

The graphical integration method of Filon (15, 16) is described 
as a purely optical method as it uses only data obtained photo- 
elastically. Integration is carried out in steps along a stress 


10 “*Photo-Elasticity,’’ by Coker and Filon, Cambridge University 
Press, 1931, p. 171. 
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trajectory, starting from a boundary free from external forces 
where one of the principal stresses is known. Each integration 
of this type provides values of one of the principal stresses at 
points along the line of integration. Considerable time is re- 
quired and very often accuracy is far from satisfactory. 

A wholly different method, that of Favre (17), which does not 
make use of the fringe photograph but obtains P and Q directly 
at any point by means of a delicate interferometer, is being de- 
veloped abroad. A solution by this method would appear to 
involve a large amount of painstaking observation. 

It was pointed out by Den Hartog (18) that the membrane 
analogy could be used in two dimensional stress problems for the 


to forces distributed uniformly around the boundary and whose 
slope with the zy plane is not too large, 


In order to solve a particular problem by means of the mem- 
brane analogy the boundary conditions for the membrane must 
be the same as those for the stresses. The shape of the opening 
over which the membrane is stretched must be the same as the 
shape of the member being studied, and boundary ordinates 
measured perpendicular to the plane of the opening must be pro- 


portional to corresponding boundary values of (P + Q). If these 
as well as the previously mentioned conditions are fulfilled the 

ordinates of the membrane at interior points will be propor- 
tional to the values of (P + Q) at corresponding points on the 
stressed member. 


determination of the sum of principal stresses (P + Q)."' The 


Fie. 27 Soar-Fitm EQuipMENT 


A portion of the model is visible inside box. Pivoted sketch board can be 
brought into contact with pointer.) 
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Fie. 28 Lines or Constant (P — Q) From Frince PHoToGrapPH 


following paragraphs describe an application of the membrane 
analogy in conjunction with the photoelastic results to the deter- 
mination of stresses in one of the bending specimens of Section II 
of this paper; the case in which D/d = 3 and R/d = 0.5. 

The analogy is a purely mathematical one and is based upon 
the fact that the equation, satisfied by the sum of principal 
stresses (P + Q), uly 


is satisfied also by the ordinates z of a membrane which is subject 
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11 Independently noticed and worked on by M. Biot at California 
Institute of Technology. 
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A soap film was used for the membrane. 


It automatically 
uniformly distributed bound: it f 
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(Presence of initial stress indicated by lack of symmetry in fringes and sudden 
change of direction at boundary. D/d = 3.0, R/d = 0.5.) 
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“an Fig. 30 Isociinics AND STRESS TRAJECTORIES 
_ tension is the same in all directions and at all points. The 
use of a soap film in the St. Venant torsion problem has been de- 
scribed by Griffith and Taylor (19) and later by P. A. Cushman 
(20) who applied it as well to the problem of lateral shearing 
stresses in beams. The equipment shown in Fig. 27 is that which 
was used in the experiments of P. A. Cushman 
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if mand 
the original equipment of Griffith and Taylor. The soap-film 
model is clamped between the two halves of a square cast iron 


box with open top. An ordinary micrometer of the depth gage 


type is clamped to a glass plate which rests on the flat open top 
of the box, so that the elevation of any part of the film may be 
measured. In the present experiments holes through the base 
of the model permit equalization of pressure on two sides of the 
film. The positions of points on the film are transferred to a 


_ hinged sketch board above the box by bringing it into contact 


with the upper point of micrometer. 

The lines of constant (P — Q), Fig. 28, were obtained as the 
average of a number of fringe photographs such as that shown 
in Fig. 29. Isoclinies and stress trajectories are sketched in 
Fig. 30. These two sets of lines are symmetrical about the 
center line but the notations of stress trajectories and of isoclinies 
are not symmetrical. 

At a boundary which is free from external forces the principal 
stresses are parallel to and perpendicular to the boundary, the 
latter stress being zero. For this reason it is evident that at such 


a boundary (P — Q) = + (P + Q), and the boundary values of 


+ all 
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Fic. 32. Smauy Scaue Soap-Fitm Mopeu 


(P — Q) in the fringe photograph may be used as boundary 
values of (P + Q) for the soap-film model. 

These boundary stresses are shown in Fig. 31. Stresses in 
this as in all figures in this section are based upon a stress value 
of 1.00 at the boundary of the straight narrow portion of the 
member. Stresses are positive on those parts of the boundary 
which are above the center line and negative on those below the 
center line. A soap-film model was made with boundary ordi- 
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nates proportional to these stress values, the ordinate correspond- 
ing to a stress value of 1.00 being 0.133 in., other dimensions as 
shown in Fig. 32. It was found that although the slope around 
the boundary nowhere exceeded 18 deg, the film surface when 
formed had a slope of about twice this angle in a small region 
around the point of maximum stress. A large slope introduces 
error in the use of the analogy as the assumption is made that the 
tangent of the angle of slope may be substituted for the sine, and 
that the cosine is approximately equal to unity. 


BOUNDARY ORDINATES 
IN INCHES 
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It was assumed that at points removed from this localized re- 
gion of steep slope the error would be negligible and a large scale 
model, ABCDEF in Fig. 32, was made using as ordinates along 
ABC the values found from the first model. A photograph of 
the two models is shown in Fig. 33. Dimensions of the large 
model and (P + Q) contour lines obtained from both models are 
shown in Fig. 34. The maximum slope around the boundary of 
the large scale model was 8.5 deg and that of the soap-film surface 
about 17.5 degrees. The difference between sine and tangent 
of this angle is about 5 per cent and the cosine is about 4!/:; per 
cent less than unity. The error introduced will be discussed 
later. 

The normal and shearing stresses across two sections of the 
member are determined as shown in Figs. 35 and 36. Section 
I is taken through the point of maximum stress, about 11.2 deg 
from the beginning of the fillet. Section II is taken at 30 deg 
from the beginning of fillet. Values of (P — Q) are taken from 
Fig. 28. It will be seen that (P — Q) must be taken positive both 
above and below the center line in order to agree with the direc- 
tion of couples and the notation in Fig. 30. Values of (P + Q) 
are taken from Fig. 34. The P and Q curves are obtained by 
successive addition and subtraction of ordinates of the (P — Q) 
and (P + Q) curves. The principal stresses are not in general 
perpendicular to the sections I and II. Their directions are 
found from the isoclinic curves of Fig. 30 and are shown above 
the caption “Angle ¢.”” Some of the values of ¢ shown are nega- 
tive, others are greater than 90 deg. With the values of ¢ shown 
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the normal stress is P cos? ¢ + Q sin? and ¢ tangential stress is 
— (P — Q) sin 2¢/2. 

The maximum value of stress along the boundary occurs at 
section I and is 1.26. Normal stresses on this section follow a 
linear law, as in bending of a straight beam, over the middle two- 
thirds of the depth of section and rise to a peak value of 1.21 at 
the boundary. At section II the effect of the greater width of 
section is already noticeable as here the stress falls away from a 
straight line as the boundary is approached and the maximum 
normal stress actually occurs inside the boundary. 

Tangential components of stress are positive near the bounda- 
ries and negative in the middle portion. As the net shear is zero 
in pure bending these components must balance. The values 
of the tangential components along the center line can be taken di- 
rectly from the fringe photograph as has been indicated in Fig. 28. 

Errors introduced by the use of the membrane analogy as de- 
scribed above will not affect the values of normal or tangential 
components of stress at the center line and at the boundaries. 
Any errors must therefore affect only intermediate values and 
would cause a slight distortion of the curves. As a check upon 
the accuracy the total moment of normal forces across sections I 
and II was found from the curves, and in both cases was 1.9 
per cent greater than it should have been. Assuming the small 
distortion of the normal stress curve to be parabolic and sym- 
metrical about a point halfway between the centerline and the 
boundary, a rough calculation shows that the maximum error 
in normal stress is 1.9 per cent. If as is more probable, the maxi- 
mum distortion occurs near the boundary, the maximum error 
would be nearer to 1 per cent. 

A check of the tangential stresses for equilibri 
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unbalance of about 10 per eent of the total upward or total down- 
ward forces. These stresses are small however and the chief 
effect of the error is a shift of the point of zero stress 

Errors due to the effect of gravity on the soap film were cor- 
rected for in the following manner. On the small scale antisym- 
metrical model, the ordinates of the film along the center line 
were not zero as they should have been theoretically. In the 
one-inch wide portion the sag was negligible, but in the three- 
inch wide part a maximum sag of 0.006 in. was measured. Sag 
at other points was assumed to be parabolic, and corrected for 
accordingly. This was checked also by the fact that (P + Q) 
contour lines on opposite sides of the center line must of neces- 
sity be symmetrical. 

In the case of the large scale model it was found that, due to 
sag in the straight portion representing the narrow part of mem- 
ber where stress conditions are uniform, the contour lines were 
shifted slightly away from the edge representing the center line 
and toward that representing the outer boundary which was the 
higher edge. This shift at most was equivalent to 1.5 per cent 
of the boundary stress and contour lines in other parts of the film 
were corrected accordingly. 

It is believed that the membrane analogy will find increasing 
use in conjunction with photoelastic studies. The errors intro- 
duced by its use can be reduced to a negligible amount by suitable 
proportioning of the boundaries and by making necessary correc- 
tions for the effect of sag. The errors in the results obtained from 
the present experiments which were done under the pressure of 
time are probably smaller than would be present in results ob- 
tained by means of the delicate lateral extensometer method or by 


the graphical integration method. The amount of time required 
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is surprisingly small when the soap-film equipment is already 
available. In the present instance the large scale model was 
completed, with about fifty points around the boundary set to 
within 0.001 in. of the desired value, in a day and a half. Trac- 
ing contour lines required only a few hours and working out of 
the curves in Figs. 35 and 36, another day and a half. 

A limitation of the soap-film method is the size of opening 
which can be spanned without fear of the film breaking due to 
jarring or contact of the micrometer point About 3 in. is a 
satisfactory maximum. By experimenting with the proportions 
of the ingredients of the soap solution, films composed of sodium 
oleate, glycerine, and water, can be made which will last twenty- 
four hours. 
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Discussion 


R. V. Baup.'? In the fall of 1932 the writer made compres- 
sion and bending tests on glass models with fillets of circular 
shape, using true monochromatic light and a crossed Nicols and 
Babinet compensator. Some interesting results were obtained 
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from these tests which will soon be available in printed form. 
The conclusions drawn on the basis of these results with regard to 
stress concentration factors for bending appear to be confirmed 
by the results as related by the author. In this connection it 
may also be mentioned that the profile of constant edge stress 
for pure bending more recently investigated by the writer differs 
from that for compression in such a manner that the above 
statement regarding bending-stress-concentration factors is 
again confirmed. 

As far as the method of investigation is concerned the writer 
is pleased to note that the fringe method suggested by him in 
a paper read before the Optical Society of America in February, 
1929,' is now in general use by several investigators in this coun- 
try. The chief. advantage of this method is the simplicity 
with which the complete shear stress distribution may be ob- 
tained but unfortunately this makes it possible for inexperienced 
investigators who do not know the physics nor the literature 
sufficiently well to work in this field as many recent photoelestic 
papers and discussions reveal. For instance, the directional 
effect when “white’’ light is used is discussed at length and in a 
manner as though the question were new. Yet the answer has 
been given in a paper read by the writer before the Optical So- 
ciety of America in October, 1930.'4 From this paper it can be 
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seen that monochromatic light has no advantages unless the 
wave-length is such as to agree with the retardation produced in 
the mica plates. The two papers referred to really represent 
the scientific basis for the fringe method. The fact, that other 
investigators have shown some prettier pictures than the ones 
published by the writer does not detract from the above state- 
ment. 

The statement, “A method of canceling the effect of small 
residual stresses is described which improves the accuracy of the 
results,’ is presumably the method devised by the writer in 1925 
and used extensively ever since. It consists of taking various 
stress readings at various loads for every individual point and of 
plotting the values so obtained as indicated in Fig. 37. In this 
manner, by considering the slope of the straight line rather than 
taking one reading at a certain load or two readings at a certain 
load and zero load, we improve the accuracy by averaging as 
well as by excluding the initial edge stress. It should be observed 
that stress readings at comparatively large loads can be made 
more accurately and that in consequence the loads should be 


chosen accordingly, but always so that the stresses are below . 


the yield point. 


13‘‘Further Development in Photoelasticity,"’ Journal, Optical 


Society of America, vol. 18, no. 5, May, 1929, p. 422. 

4 “Contribution to Study of Effect of Elliptical Polarization Upon 
Energy Transmission,’’ Journal, Optical Society of America, vol. 21, 
no. 2, Feb., 1931, p. 119. 
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When a curve rapidly changes its curvature as is the case near 
the point of stress concentration, an extrapolation of the curve 
is unreliable to say the least and from a scientific view-point will 
be rejected. For my part therefor I cannot accept the “‘ex- 
trapolation method” as a satisfactory scheme to evaluate maxi- 
mum edge stresses which exist in an infinitely small area only. 
The originators themselves admit that they devised it solely be- 
cause they were unable to secure a sharp picture of the edge. 
Furthermore, the fact that consistent results were obtained is 
no proof of the value of a scheme. We can very well conceive 
of a set of results with consistent errors. 

To solve the stress field problem by means of the membrane 
analogy the edge stresses from photoelastic tests are required as 
a basis. For known reasons these stresses are most likely the 
least accurate and consequently all results for points inside be- 
come inaccurate to the same extent. Furthermore, the problem 
must be such that for the complete contour both principal stresses 
are determinable, either photoelastically or on the basis of theo- 
retical considerations. This restricts the field of application of 
the membrane-analogy method to a limited number of special 
cases. 


J.P. Den Hartoa.'® The author’s investigation of the creep 
effect in phenolite is a valuable contribution to the technique 
of photoelastic research. This material is so decidedly superior 
for this purpose that it is gratifying to know that Hooke’s law 
is completely satisfied for stresses up to 4000 lb per sq in., which 
means a sensitivity of 15 significant lines for a test specimen 
1/,in. thickness. 

The author is to be complimented on the care exercised in the 
execution of the tests, which is especially apparent by the com- 
plete absence of ‘“‘edge”’ effects. Any one who has worked with 
photoelastic apparatus knows how extremely difficult it is to 
avoid the internal stresses that cause this trouble. 

With respect to the membrane method employed for the deter- 
mination of the sum of the principal stresses, the question of soap 
film versus stretched rubber sheet is of some interest. Whereas 
a soap-film surface can be made in a few minutes, it takes at 
least one or two hours to prepare a good rubber membrane. 
After this has been done, however, the rubber sheet presents 
several advantages. 

In the first place, it can be easily made in a size ten times 
larger than that of a soap film. This means that the care with 
which the boundary space curve has to be made is very much 
less and it is by no means illogical to expect that the time saved 
in the preparation of the film is compensated for by the greater 
time it takes to make the boundaries with sufficient accuracy. 

Secondly, on account of the greater size no correction for 
gravity deflection is necessary with a rubber membrane. In 
the third place, no drainage trouble occurs. However, either 
method seems to give more accurate results with comparatively 
little labor than any previous method known. 

The writer has read with great interest a paper by Dr. M. M. 
Frocht in the Journal of the Franklin Institute, July, 1933, in 
which the lateral contraction of the test piece is not measured 
by mechanical means as suggested by Coker, but rather photo- 
graphed directly on account of the properties of Newton’s inter- 
ference fringes. This method is of great interest since it fur- 
nishes a complete photograph of the (P + Q) field. On the other 
hand, it requires grinding the test piece to an optically flat sur- 
face. If mercury green light is used, a deviation from flatness 
of one-hundredth of one mil in the specimen will produce a shift 
of one line in the (P + Q) pattern. It seems, therefore, that the 
direct photography of such a field still requires instrument 
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makers’ accuracy both in the preparation of the specimen as well 
as in the execution of the test. 


R. H. G. EpmMonps'® anp B. T. McMunn."’ The author of 
this paper deserves commendation for the correlation and ad- 
vancement of the technique of photoelasticity. The experimen- 
tal work is valuable especially that dealing with strain creep in 
bakelite and phenolite. It represents real progress toward 
making the photoelastic method a practical tool for engineering 
use. 

It appears to the writers, however, that at least one of the con- 
clusions, apparently lightly considered in the paper, should be 
given a critical review. This is the statement: ‘Strain creep 
for phenolite is considerably greater than that for C-25 bakelite, 
but this has no effect on stress distribution which approximates 
closely the theoretical for both materials at all times after load- 
ing.”’ 

The practical value of the photoelastic method lies in the 
parallelism of the stress distribution in the model with that of 
engineering materials, and the aptness of the comparison is of 
critical importance. Conceding that the fringe or color evi- 
dence in the photoelastic method is satisfactorily proportional 
to stress, the writers agree that where stress is normally uniform 
as in a simple tension member, the constancy of the stress-strain 
relation is unimportant. But where the stress is non-uniform, 
the strain non-uniform, and the stress-strain relation, therefore, 
non-uniform on a cross-section, it seems obvious to the writers 
that the load distribution in the model will not parallel the allied 
one in an engineering material. This proposition seems to be of 
an extremely fundamental nature and one to be thoroughly 
canvassed before attributing disagreeing results wholly to ex- 
perimental error. This might easily account for some of the 
20 per --ot disagreement between tension and bending factors 
of co ration, referred to by the author. 

T » writers’ experience with photoelastic materials leads them 
to question the advisability of using a gage length as short as 
1/, in. and a compression specimen of the proportions of Fig. 1. 
The possibility of experimental error is further increased through 
the use of attached gage points. The data presented seem to 
be quite consistent. However, greater confidence could be placed 
in the results had they been obtained from more specimens and 
more tests. 

The legitimacy of the scheme of correction for initial strains 
would be more thoroughly established if more data were pre- 
sented. The method would seem to hold only for loadings with 
symmetrical isoclinic patterns, which narrows its usefulness. 

The application of the membrane analogy and the use of the 
soap film in the determination of the sum of the principal stresses 
is unique and holds interesting possibilities in this rather difficult 
and unsatisfactory phase of the photoelastic method. 


M. M. Frocut.'* Of the three parts composing Dr. Weibel’s 
paper, the writer is most interested in the part dealing with the 
soap-film method of determining the sum of the principal stresses, 
(P + Q). 

Dr. Weibel has used the soap film successfully for the problem 
of stresses at a fillet in a region of pure bending. He points out 
the simplicity of this method and predicts its wider acceptance 
in research. 

The mathematical basis of the analogy, as the author points 
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out, holds as long as the slopes at the boundary are small. 
_ these become large, the analogy breaks down. It is here where 
the weakness of the method is found. It is clear that the suc- 
cess of its application depends on the nature of the boundary 
_ Stresses. If these are small, as is the case in the author’s prob- 
_ lem, the soap film will yield good results. But, if the boundary 
be subjected to concentrated loads causing extremely large 
_ stresses, the method would in such a case break down. 
The soap-film method, though not sufficient by itself, can 
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however, be effectively combined with another method to work 
_Satisfactorily, even in cases where concentrated loads act on the 
boundary. The principal stresses can be found, in such cases, 
by graphical integration, or lateral extensometer across a section 
OF stress trajectory at a considerable distance from the region of 
_ the concentrated load, and the soap film can then be constructed 
‘for the new boundary. Such a combination of methods might 
prove useful. 


In this connection the writer calls attention to two new methods 
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in the August issue of the Royal Society Proceedings and dealing 
with what seems to be a simpler graphical procedure for the 
determination of principal stresses than the present graphical 
integration, and the other by the writer, published in the July 
issue of the Journal of the Franklin Institute and dealing with an 
application of interference fringes to stress analysis. We are 
not yet ready to appraise Mr. Neuber’s method, but indications 
are that it is an improvement over present procedure. With 
regard to the interference fringes, it is not difficult to"show that 
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these fringes correspond to the contour lines in the soap film, 
and that they represent what Coker and Filon define as “‘iso-_ 
pachic lines.” Interference fringes were successfully produced 
and photographed for the case of a pair of concentrated loads 
on a rectangular block and were found to agree with the theo- 
retical predictions of this case, Figs. 38, 39, and 40. This method 

is of interest because it completes the optical method of two- 
dimensional stress analysis by providing the stress patterns of _ 
(P + Q) exactly analogous to the ones furnished now by the | 
polariscope for (P—Q).!® However, much work is still to be done 
in the development of its technique. 


“On the Application of Interference Fringes to Stress Analysis,”’ 
by Max Mark Frocht, Jour. Franklin Institute, July, 1933. 
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Fig. 26, in which the fringes could not be counted because the 
material was overstressed, is of interest. This phenomenon can 
perhaps be seen more strikingly in a white-light celluloid color- 
photograph. Fig. 42 shows a black and white photograph of a 
celluloid tension model with fillets at one end and sharp corners 
at the other. When this model broke, the fracture ran from 
sharp corner to sharp corner. The appearance of the black zones 
shown in the sharp corners of the sketch, is due, in our opinion, 
not to any change in the optical properties of the material, but 
to a distortion in the surface of the model which prevents the 
light from reaching the lens. Thus at the sharp corner of the 
model there is a visible contraction of the material, the corner 
portions no longer being in the plane of the model. The same 
model also exhibits the paths of permanent sets. They are seen 
to follow the isochromatics, a phenomenon noted also by other 
observers. It is the formation of these black spots where the 
stresses are high that will explain the seeming paradox of the 
model shown in Fig. 41, which is supposed to show the effect of 
the fillet upon the factor of stress concentrations. For a time 
the writer was puzzled by the fact that there were no more fringes 
at the sharp corner than there were on the opposite side where 
the fillet was fairly large. This, however, is due to the existence 
of plastic formations causing the dark spots mentioned above. 

As far as Dr. Weibel’s work on stress concentrations is con- 
cerned the results seem quite reliable for fairly large values of 
r/d. For small values of r/d the writer’s results do not agree with 
those obtained by Dr. Weibel. For r/d equal to 0.043 the 
writer finds that & equals 3.52 and for r/d equal to 0.0217 that 
k = 4.49. Both of these values are considerably greater than 
those found by Dr. Weibel. 

Moreover, Dr. Weibel seems to have accepted the conventional 
assumption that the factors of stress concentration are deter- 
mined by the ratio r/d alone. Our recent and as yet unpublished 
work definitely shows that this is not the case. It has been found 
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that the shape and the dimensions of the head as well as the man- 
ner of supporting the model contribute materially toward the 
determination of stress concentrations. Thus, for a compres- 
sion model with an r/d equal to 0.281 and kept constant through- 
out the experiment, the factor k was varied from 1.9 to 6.77 by 
varying the dimensions of the head. 

The whole subject is vastly more complicated than has been 
assumed and cannot be adequately covered in the space allotted 
for a discussion. However, the writer hopes to make available 
a more comprehensive study of this subject in a paper within 
the near future. The differences in the end conditions, shape, 
dimensions, and manner of loading—explain the rather wide dis- 
crepancies between results for pure tension and those for pure 
bending as obtained by Dr. Weibel. 


R. E. Pererson.2° The paper by Dr. Weibel, as well as the 
paper by Dr. Wahl and Mr. Beeuwkes, serves to illustrate the 
progress made in the technique of photoelasticity in the past few 
years. Dr. Weibel’s stress-concentration factors for fillets are 
shown in Fig. 43 in comparison with corresponding factors ob- 
tained eight years previously by Timoshenko and Dietz. Fa- 
tigue data are shown also in Fig. 43 and it will be noticed that the 
recent photoelastic results are considerably closer to the fatigue 
results. As a matter of fact larger specimens show higher fa- 
tigue stress-concentration factors and in the few cases tested the 
results are practically in agreement with the photoelastic values. 
This is important since not infrequently shafts fail, often with 
disastrous consequences, due to alternating stresses which are 
intensified at fillets. If by further research work a relation be- 
tween photoelastic and fatigue results can be more firmly estab- 
lished, designers and engineers would have opened to them a 
vast amount of data which is not directly applicable in its 
present form. 


ARSHAG G. SoLAKIAN.”!_ The three different problems investi- 
gated by Dr. Weibel are of equal interest and well presented by 
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the author. The writer will discuss each of them in the order as 
given. 


(a) Creep in Bakelite. Creep action in bakelite under mod- 
20 Manager, Mechanics Division, Westinghouse Research Labora- 
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erately high stresses is only one of the 
important phases in the study of phy- 
sical properties of this material. A 
thorough study of the various charac- 
teristics of bakelite is being carried 
on at the Testing Laboratories of Co- 
lumbia University and has been in 
progress for some time. Some work 
along this line has already been pub- 
lished by Arakawa,?? Carlton?’ and 
the writer.?4 

The behavior of C-25 bakelite (No. 
BT 46-992) under tensile stresses is 
shown in Fig. 44. The specimen had 
a cross-section of 0.293 in. X 0.309 in. 
and a gage length of 2 in. It was 
tested in an Amsler pendulum-type 
testing machine, using an Anderson 
$s extensometer reading to 1/10,000 in. 
The specimen was stressed to about 
1/19, 1/s, 1/3, 1/2, and 3/5 of its ultimate 
tensile strength (15,000 lb per sq in. 
approximately) with a rest of a half 
hour at each maximum limit before 
releasing the load gradually. 
- As is noticed in Fig. 44, creep action started at a stress of about 
At a stress of 5000 lb per sq in. this effect is 
For engineering purposes, a stress of about 
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— 4000 Ib per sq in. can be regarded quite safe. This stress ina 
specimen of '/, in. in thickness corresponds to a fringe of about 
the eleventh order and can be used safely. As it is the custom of 
most investigators to produce a fringe pattern sometimes con- 
taining as high as twice this number of fringes, it is evident that 
the material under this maximum stress, and even for lower 
values develops considerable creep, as is evident from the last 
cycle of the stress-strain curve in Fig. 44. 

An efficient way of eliminating the effect of creep and still 
producing an adequate number of fringes in a pattern is of that 
using a reflection type of polariscope instead of the ordinary 
transmission type. In the reflection type the polarized rays 
traverse through the specimen twice on their way back to the 
screen, thus doubling the relative phase difference of the re- 
fracted rays which in turn doubles the number of interference 
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fringes produced. Fig. 45a is an outline of Tardy’s reflection 
polariscope used in France. An improved type of such a polari- 
scope as shown in Fig. 45b has been developed in the photoelastic 
laboratory of Columbia University by R. D. Mindlin in con- 
nection with the measurement of stresses in the individual plates 
of lap-welded connections. Another type of reflection polari- 
scope which eliminates certain disadvantages of the two types 
mentioned is that developed by the writer and shown in Fig. 45c. 

The effect of creep is represented by Dr. Weibel as an increase 
in strain only. It will be noticed from the stress-strain curve of 
Fig. 44 that it has a further effect—and one of great importance— 
of reducing the stress in the specimen. This reduction in stress 
for the portion A-B of the curve amounts, for an elapsed period 
of half an hour, to about 2.4 per cent of the stress in the specimen 
for this stage of intensity of loading. This effect of creep upon 
the change in stress as a matter of fact could not be detected 
by Dr. Weibel on account of the constant loading method 
adopted. 

(b) Stress Concentration at Circular Fillets. To the designing 
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engineer, the nature of stress distributions along certain sections 
in a machine part or structural element is of great importance. 
The stress-concentration effects of circular fillets between two 
adjacent members of unequal cross-sections has been an at- 
tractive field for photoelastic investigation. The results obtained 
by Dr. Weibel accurately show the stress distribution at circular 
fillets due to the use of bakelite and the refined testing methods 
employed. On the other hand, it is of greater importance to the 
engineer to know how to reduce or eliminate unduly high stresses. 
In an investigation (1932) of the stress distribution at the root 
of a helical spring made for the Westinghouse Electric & Manu- 
facturing Co. (Philadelphia), the writer found that when the 
circular fillet is replaced by a suitable spiral or some form of 
multi-compound easement curve, as used in railroad practise, 
the stress concentrations at the fillets are materially reduced. 
The fringe patterns in Figs. 46 and 47 clearly show the com- 
parative effects of circular and spiral fillets upon the stress dis- 
tributions. The specimen tested has ratios of D/d = 3 and 
d/R = 1 (using the author’s notation) with circular fillets at one 
end and spiral fillets at the other. It was tested both in tension 
and in bending. In Figs. 46a and 47a the presence of an 
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additional fringe at the circular fillets indicates a higher stress 
concentration at this locality. In the spiral fillet, the stress 
concentration is entirely eliminated. 

The curves in Fig. 48 show the intensities of the boundary 
stresses for the two types of fillets investigated and bring out 
their relative merits. The fringe orders are marked on the or- 
dinates to the curves and the relative intensities of the stresses, 
in terms of the average stress at the reduced sections, are given. 

(c) Soap-Film Method. The adaptability of the soap-film 
method of measuring the sum of the principal stresses as advo- 
cated by Mr. Weibel and other investigators is of doubtful value 


(b) Spiral Fillets 
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because of the many difficulties encountered in its use, namely, 
the limited span of the film, the sag formation and collection of 
water at the low regions, the errors in investigating large slope 
sections, etc. 

In addition to the membrane-analogy method, the principle 
of which is similar to that of the soap-film method, there are two 
optical-mechanical methods for measuring the sum (P + Q), 
(1) Newton’s fringe method and (2) 


Coker’s lateral extensometer method. Mesnager? first sug- 
gested the possibility of application of both methods to the 
evaluation of the (P + Q) stresses. A thorough analysis of New- 
ton’s fringe method with specimens having practical plane-paral- 
lel surface finishes was given in 1932 by V. Tesar.** In this 
country applications of this method to engineering problems 


Spiral Fillets 
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already have been made by Maris?’ in 1927 and Frocht?$ in 1933. 
Coker’s lateral extensometer*® has been widely used by the in- 
ventor in his numerous valuable researches. The writer*® has 
found it a very convenient tool for the investigation of problems 
of an engineering nature on account of its simplicity of principle 
and dependability of results. 


2% “Contribution a l’Etude de la Déformation Elastique des 
Solides,’’ by A. Mesnager, Annales des Ponts et Chaussées, 1901. 

26‘*Méthode Purement Optique pour Déterminer les Déforma- 
tions d’Epaisseurs des Modéls,’’ by V. Tesar, Revue d’Optique 
Théorique,”’ 1932, Tome 11. 

27 “Photoelastic Investigations of the Tensile Test Specimen, the 
Notched Bar, the Ship Propeller Strut and the Roller Path Ring,”’ by 
H. B. Maris, Journal, Optical Soc. Am., October, 1927. 

28 “On the Application of Interference Fringes to Stress Analysis,’ 
by Max M. Frocht, Journal, Frarfklin Inst., July, 1933. 

29 ‘‘A Laboratory Apparatus for Measuring the Lateral Strains in 
Tension and Compression Members,’”’ by E. G. Coker, Proc. Roy. 
Soc. Edin., vol. xxv, 1904-5. 

30 ‘Stresses in Transverse Fillet Welds by Photoelastic Methods,” 
by A. G. Solakian, Journal, Am. Welding Soc., February, 1934. 
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Filon’s*! “graphical integration’? method based upon the 
equations of equilibrium has quite frequently been used for de- 
termining the values of principal stresses from their algebraic 
differences and orientations. A revised “graphical” method, 
recently developed by A. Neuber,** and based upon the elastic 
equations, offers greater accuracy. When results of high pre- 
cision are required, undoubtedly Favre’s** interferometer-polari- 
scope method of optical measurement of the individual principal 
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(b) Bending 
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stresses is unique. On account of the high cost of the apparatus 
and its delicacy, it has not as yet been widely introduced. 

A method avoiding the use of a costly interferometer and hence 
more simple in its operation is that proposed by Fabry.** As 
there is no account of this method in American literature, it will 
be described here briefly. 

*1“On the Graphical Determination of Stress From Photoelastic 
Observations,” by L. N. G. Filon, Engineering, 1923, p. 116. 

32 “*New Method of Deriving Stresses Graphically From Photo- 
elastic Observations,” by A. Neuber, Proc. Royal Society, vol. 
141, 1933. 

% “Sur Une Nouvelle Méthode Optique de Détermination des 
Tensions Intérieures,” by H. Favre, Revue d'Optique Théorique, 
1929, Tome 8. 

“Sur une Nouvelle Méthode pour I’Etude Expérimentale des 
Tensions Elastiques,” by C. Fabry, Comptes Rendus |’Académie 
des Sciences, 1930, p. 190. 


In a transparent isotropic plate a point is said to have an op- 
tical thickness eo equal at any point to the product of the actual 
thickness of the plate and the refractive index of the unstressed 
material. On account of the double refracting property of the 
material under applied stress, any point possesses two optical 
thicknesses e’ and e” corresponding to the two principal vibra- 
tions. By measuring the values of e’ — e and e” — é, the 
stresses P and Q can be evaluated. 

The two surfaces of a plain-parallel plate of glass are silvered 
lightly. When monochromatic light is passed through the plate, 
very fine brilliant fringes will be observed in two different ways: 
(1) as lines of equal optical thickness with the parallel rays of 
the light normal to the plane of the plate and (2) as concentric 
circles situated at infinity, when a very small region of the model, 
less than a square millimeter, is observed. When the plate is 
stressed, the fringes are displaced and appear brighter. The 
two displacements relative to the initial fringes determine the two 
variations e’ — é and e” — eo in the optical thicknesses. When 
these fringes are observed through an analyzing prism, it will 
be found that for each point, there will be found two rectangular r 
orientations of the analyzer which will cause one or the other 
system of the fringes to disappear. These orientations corre- 
spond to the directions of the two principal stresses. The first : 
method of “lines of equal optical thickness” is preferable, as _ 
photographie records of the fringe patterns can be obtained be- | 
fore and after the application of the stress. 

With plates without silvered surfaces, the fringes can be ob- — 
served with reflected light. However, the results will not be as — 
accurate as those from a silvered plate. 

Still another simplified method is that now being developed 
by the writer. It consists of silvering only the surface of the 
specimen facing the polarizer and allowing a ray of plane-polar- | 
ized monochromatic light from a reflecting polariscope to fall — 
normally on a point in a stressed specimen, with the plane of | 
polarization parallel to one of the principal stresses acting at 
that point. The principal stress at the point considered can : 
be evaluated by measuring the absolute phase retardation 
between the original ray which is reflected from the silvered 
surface and the transmitted ray which in turn is reflected back 
from a mirror placed close to the nonsilvered surface of the ») 7 
specimen. 
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A. M. WanL* anp R. BeEuwKes.** The author is to be com- 
mended for having made a very extensive and thorough study 
of various questions which frequently arise in photoelastic work - 
and which are of importance in evaluating the results of such 
studies. It is gratifying to the writers to learn that the extra- ; 
polation method previously used by them has been found of . 
value to other investigators. 

The writers have recently had occasion to make a few photo- _ 
elastic tests on fillets in bending and tension similar to those _ 
carried out by the author. An arrangement using knife edges 
was used to obtain pure bending. One test with D/d = 3 and — 
R/d = 0.125 gave a value of stress-concentration factor equal to — 
1.75, while another test with D/d = 3, R/d = 0.187 gave a value 
equal to 1.61. Care was taken not to stress the bakelite higher : 
than 3500 lb per sq in. A similar test made under tension in- 
stead of under bending gave concentration factors equal to 2.20 
for D/d = 3.16, R/d = 0.132 and 2.02 for R/d = 0.198 with D/d | 
remaining the same. These values are around 4 to 5 per cent — 
above those obtained by the author and check his findings that _ 
the value of stress concentration is considerably higher for ten- — 
sion than for bending. These small differences in the experi- — 

38 Westinghouse Research Laboratories, 


East Pittsburgh, Pa., 
Mem. A.S.M.E. 
36 Westinghouse Research Laboratories, East Pittsburgh, Pa. a : 
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mental values obtained by the author as compared with those 
obtained by the writers may probably be explained by slight 
differences in the experimental procedure. 

One reason why the stress concentration is higher for tension 
than for bending lies in the fact that in tension there is a net 
contraction of the narrow portion of the specimen which is re- 
strained by the wide portion. Tensile stresses in the fillets are 
thereby set up which are added to those due to the external load. 
In the case of bending, there is no net contraction of the narrow 
portion of the specimen (the compression side expanding as much 
as the tension side contracts) and consequently these stresses 
are not set up; hence the maximum stress is lower. 

In photoelastic tests such as those under consideration, where 
the maximum stress is at an unknown location along the fillet, 
it should be more convenient to use a circular scratch concentric 
with the fillet, instead of a straight line. In order to insure con- 
centricity with the edge, however, such a scratch would probably 
require the use of a special tool. 

Attention is called to the very considerable difference between 
the results obtained by Timoshenko and Dietz or by Coker us- 
ing the compensation method and those obtained by the more 
accurate fringe method used by the author (see Fig. 12). In 
most cases the values of stress concentration obtained by the 
latter method are higher than those obtained by the former. 
This was found true also by the writers in similar tests of tension 
bars with holes and notches.*? In contrast to this, as will be 
seen from Fig. 12, the values of stress concentration obtained 
by Timoshenko and Dietz for D/d = 3 lie well above the author’s 
curve. This seems rather unusual and the writers would be 
interested in an explanation of the difference. 

The result, obtained by the author, namely, that values of 
stress concentration are practically the same for D/d = 3 as 
for D/d = 1.5 seems reasonable, since the point of maximum 
stress occurs in a portion of the fillet so close to the narrow por- 
tion of the bar that an increase in the width D should not have 
a large effect. 

In connection with the study of photoelastic methods, the 
writers would like briefly to describe an interesting experiment 
made in connection with a study of thermal stresses. It was 
desired to determine the stress distribution resulting from the 
application of temperature to one edge of a thin square block 
in order to simulate certain conditions occurring in the cooling 
fins or brushes of electrical machines. The use of photoelas- 
ticity with a square specimen having one edge heated, immedi- 
ately suggested itself. Bakelite, however, becomes soft and ap- 
parently unreliable at temperatures but little above room tem- 
perature, so it was decided to cool instead of heat the edge. 
Dry ice separated from the specimen by a thin piece of metal 
foil was used for this purpose. Beautiful stress patterns showing 
rather high stress concentrations at the two corners of the cold 
side were obtained. The transient conditions too were easily 
followed. 


AvuTHOR’s CLOSURE 


The method of canceling residual stresses was not the same as 
that described by Dr. Baud. The extrapolation method is of 
value because of the extreme difficulty of adjusting parallelism 
of light beam and position of model so that, for example, a satis- 
factory image of both fillets is obtained at the same time. Extrapo- 
lation provides a correction for the small inaccuracies at the 
boundary which cannot be avoided. 

Dr. Den Hartog’s comments on the use of a rubber membrane 
are of considerable interest. A paper by two of his students, 


*” “Stress Concentration Produced by Holes and Notches,”” by 
Wahl and Beeuwkes, A.S.M.E. Trans., 1934, paper APM-56-11. 
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describing an application of the rubber membrane has been 
published recently.* 

Messrs. Edmonds and McMinn suggest a critical review of 
the conclusion that strain creep in phenolite has no effect on 
stress distribution. The meaning of this statement is that, in 
a model of complex shape under constant load, the directions and 
values of principal stresses at any point will not vary with time 
even though the strain is steadily increasing. It is based upon 
the results of the tension-creep tests at constant load in which 
strain creep, and therefore total strain, at any time after load- 
ing was found to be directly proportional to stress. This is a 
necessary but not a sufficient condition for stress distribution to 
be invariable. It is also necessary that Poisson’s ratio for the 
elastic strain be the same as that for the plastic strain. Kuno*? 


Fic. 49 PHENoLITE Mopet IN Position FoR Stress REDISTRIBU- 
TION TEST 


finds Poisson’s ratio for phenolite to be 0.356. If, according to 
our ordinary conception of plastic strain, we assume a value of 
0.5 for Poisson’s ratio for the plastic strain, the over-all value of 
Poisson’s ratio would increase with time of loading from 0.356 
to a limiting value 0.5. In the two-hour tests on phenolite, 
strain creep in two hours was 24 per cent of elastic strain. It 
can be shown readily on the basis of the above assumption that 
the overall value of Poisson’s ratio increased from 0.356 to 0.383 
or 7.6 per cent. This would have some effect on stress distri- 
bution and to this extent our conclusion would not be rigorous. 
One must discriminate between the law of strain creep in pheno- 


%8‘‘A Membrane Analogy Supplementing Photoelasticity,” by 
J. G. McGivern and H. L. Supper, A.S.M.E. Trans., 1934, paper 
APM-56-9. Jl. Franklin Inst., April, 1934, vol. 217, no. 4, p. 491. 

* “The Relation Between Strain and Photoelastic Effect in Pheno- 
lite,” by J. Kuno, London Phil. Mag., ser. 7, vol. 16, 1933, p. 353. 
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lite and that found by Filon and Jessop for celluloid (6). Strain 
creep in celluloid is not proportional to the stress but to the 
square of the stress, and consequently neither of the fore- 
mentioned conditions necessary for unchanging stress distri- 
bution is fulfilled. It should be mentioned that in Kuno’s ex- 
periments Poisson’s ratio for phenolite was found to remain con- 
stant within about + 2 per cent during a fifteen-minute load 
period. This result, if true, would provide the desired rigor 
to the conclusion in question, but it is to be viewed with caution 
as it implies a value of Poisson’s ratio for plastic strain distinctly 
different from 0.5. 

As a practical test for redistribution of stress, a phenolite 
model, Fig. 49, was subjected to a tension load which remained 
constant for 36 hours. Strain was measured at portion G, 
Fig. 50, which was in a state of uniform stress, of known con- 
stant value. In the 36-hour period strain creep of about 50 
per cent of elastic strain was observed. Fringe order was ob- 
served at different points on the model during this period. The 
stress-concentration factor at points A and B had a value of 
about 2, and any redistribution of stress would be indicated by 
a reduction in peak value of stress at these points. During the 
period of the test, the fringe order increased an average of 12.9 
per cent at points C), C2, C;, D, E, and F (optical creep), (see 
Figs. 51(a) and 51(b)), whereas the increase at points A and B 
was 9.7 per cent, a difference of only 3.2 per cent, which is be- 
lieved to be within the experimental error. After 5 or 10 hours 
the aging effect at the boundary points A and B introduced 
some uncertainty into the extrapolation at these points. With 
the large value of strain creep observed, considerable reduction 
in fringe order at points A and B would be expected if redistri- 
bution of stress were taking place. The experiment, therefore, 
indicates that such redistribution does not occur. Objections 
to this conclusion may be found*® as it assumes a simple stress- 


© ““Photo-Elasticity,”” by Coker and Filon, Cambridge University 
Press, 1931, Pars. 3-36, p. 272. 
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optic relation, and it may be more satisfactory to reason that, 
since variations in Poisson’s ratio with time of loading will 
probably be not greater than 8 per cent, considerations of super- 
position of elastic and plastic states of strain indicate that the 
system of stresses introduced to maintain continuity of the mate- 
rial is one in which values of stress will be about '/. K 0.356 X 
(1 — 0.356) X 8 or about 1 per cent of original stress values, a 
negligible quantity. 
The question of parallelism of stress distributions in ai = 
parent material and engineering material may now be considered — - 
entirely independently of the problem of strain creep. Michell — 
has shown theoretically‘! that stress distribution is independent 
of the elastic constants, Young’s modulus, and Poisson’s ratio, — 
except for those members whose boundary consists of more than 
one closed curve and for which the external forces on any one of 
these closed boundaries are not in equilibrium. In a particular 
example worked by Bickley,** stresses depended upon Poisson’s 
ratio, but for values of 0.40 and 0.25, respectively, as for — 
and steel, the difference in maximum stresses was only 1.4 per 
The applicability of the membrane method to the case of con- 
centrated loads, questioned by Dr. Frocht, will depend ares 
upon the particular problem. In cases where St. Venant’s _ 
principle may be applied the concentrated load may be replaced | 
by an equal load distributed say parabolically over a small width, 
and the scale of ordinates for the membrane chosen so that slopes _ 
and 40, are of interest. They illustrate some of the difficulties — 
in this as well as in the lateral extensometer method in studying 
concentrated loads. It was pointed out at the December ~il 
41 Michell, Proc. Lond. Math. Soc., April, 1899, p. 100. 
42 ““Photo-Elasticity,’”” by Coker and Filon, Cambridge University 
Press, 1931, p. 501. 


cent. The same order of discrepancy may be expected generally 
in members with multiple boundaries, loaded as described. 
are not too great. 

Dr. Frocht’s photographs of interference fringes, Figs. 38, 39, _ 
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ing that these curves do not satisfy Laplace’s equation as re- 
quired by the theory of two-dimensional stress. A possible ex- 
planation is that true two-dimensional stress is not obtained in a 
region of stress concentration with the usual thickness of model, 


Fie. 51 PxHotroGrapH SHOWING 


so that actual changes of thickness do not give true values of 
(P + Q). 

The end-loading conditions in the model will not affect stress- 
concentration factors if sufficient length is provided for stress 
conditions to become uniform. Dr. Frocht’s results will be of 
interest in this connection. 

The curves presented by Mr. Peterson show how the photo- 
elastically determined stress-concentration factors may serve as 
a basis for comparison of fatigue-test results, and make it pos- 
sible to assign numerical values to qualities such as suscepti- 
bility of the material to stress concentration in fatigue. 

Mr. Solakian takes the view that creep in any photoelastic 
material is objectionable and finds a value of stress (3000 lb 
per sq in.) below which creep does not occur. The curves, Figs. 
6 and 7, show creep for stresses as low as 1255 and 1060 lb per 
sq in., and the writer’s attitude is that creep will not be ob- 
jectionable if it is proportional to stress. Mr. Solakian refers 
to the portion A-B of the curve in Fig. 44 to show that stress in 
bakelite is reduced with time. From a consideration of the de- 
tails of operation of the Amsler machine it is the writer’s opinion 
that this reduction in load is not a characteristic of the material 
being tested, but is a function of the oil-pump and piston-leakage 
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characteristics and the needle-valve setting of the Amsler ma- 
chine. With a slightly different needle-valve setting an in- 
crease in load might be obtained. 

Mr. Solakian and his colleague Mr. Mindlin 


com- 


OpticaAL Creep Durine Test 


mended for their efforts in the development of polariscopes. 
Doubling the number of fringes, apart from creep considerations 
will increase the adaptability of the equipment. The use of only 
one Nicol prism in the polariscope of Fig. 45(b) is an advantage 
where first cost is a factor. Considerable reduction in light 
intensity at the glass plates G, in Figs. 45(b) and 45(c) would be 
expected, and this might be a disadvantage when working with 
the usual types of mercury-vapor lamp. 

Messrs. Wahl’s and Beeuwkes’ factors for the case of D/d 
about 3 are from 4 to 9 per cent higher than those given in Figs. 
12 and 13. It is now the author’s belief that in the present 
tests a greater length of the wide portion of specimen would have 
been preferable to that used, and this might affect values of fac- 
tor for D/d = 3. From an analytical study by Bleich*® the 
length necessary to obtain uniform distribution of load, for cer- 
tain types of end loading, can be calculated. There has been 
no opportunity to go into this further but it should have a bear- 
ing on the differences mentioned. Friction in the pins used 
by the author was virtually eliminated in the bending tests by 
an up-and-down manipulation of the loading beam to give the 
mean fringe configuration. 

43 F. Bleich, Bauingenieur, vol. 9 (1923), pp. 255, 304, and 327. 
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The Chicago, Burlington & Quincy Railroad Company’s 
““Zephyr’’ comprises three cars supported on four roller- 
bearing trucks, with articulated joints between adjacent 
cars. Its load-carrying truss members are of 18-8 stainless 
steel, as is alsoits unpainted outside surface. Its roof and 
belly sheets, and also its steel floor, share in the work of 
carrying load. All truss members and other stainless- 
steel parts are tied together by the “‘shotweld’”’ system, 
in which a specialized and improved form of spot welding 
is used under such exact control of pressure, current, and 
time that the welds do not adversely affect the non-corro- 
sion qualities of metal or joints. 


RACTICALLY coincident with the successful use of 

stainless steel in railroad-car construction, through the 

invention of the “shotweld’’ process, came the develop- 

ment of light but sturdy 2-cycle Diesel engines for railroad 

; service in more powerful units than heretofore available. These 
i two new developments have been combined in the Zephyr, 
Fig. 1, the 600-hp light-weight streamlined articulated train built 

for the Burlington Railroad. This corrosion-proof train is a 


1 Mechanical Engineer, Chicago, Burlington & Quincy Railroad, 
Chicago, Ill. Mem. A.S.M.E. 

Contributed by the Railroad Division and presented at the 
Semi-Annual Meeting, Denver, Colo., June 25 to 28, 1934, of Tue 
AMERICAN Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th St., New York, N. Y., and will be accepted 
until Nov. 10, 1934, for publication in a later issue of TRANSACTIONS. 

Norge: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors and not those 
of the Society. 
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Burlington Z ephyr 


By F.C. ANDERSON," CHICAGO, TLL. 


‘ZEPHYR” 


The motive power is furnished by a 660-hp two-cycle 
Diesel engine driving a generator which produces current 
for the two traction motors which are mounted on the axles 
of the front truck. The train is streamlined and smoothed 
throughout its entire length to reduce air resistance, has 
automatically controlled steam heat, air conditioning and 
cooling, and electric buffet service and lighting. 

The “Zephyr” has broken all records for long-distance 
runs, both as to mileage and speed, having made a non- 
stop run from Denver to Chicago, 1015 miles, in 13 hr and 
5 min. Much of this run was at speeds in excess of 100 
mph. 


really light-weight train in spite of its relatively low-speed Diesel 
power plant, its steam-heating system, its heavy trucks of long 
wheelbase, and its exceptionally powerful clasp brakes, all of 
which could quite readily have been replaced by lighter arrange- 
ments if extreme light weight had been the chief and only ob- 
jective. Its characteristics of general design are such as to 
promote safety and speed due to exceptional tracking perform- 
ance and stability resulting from its low center of gravity, weight 
distribution, long equalized trucks, articulated construction, and 
general contour. With all of its grace of outline, it has a rugged 
ability to lift and fend obstructions from the right of way, as has 
already been proved in service. 

Its speed and stamina, too, have been proved. On May 10, 
1934, in the face of a high wind, it made a westward run from 
Fort Wayne, Ind., to Englewood, IIl., making the 141-mile run 
in 105 min. Many of these miles were run at a speed in excess of 
100 mph. On May 26 it made a non-stop run from Denver, 
Colo., to Chicago, IIl., a distance of 1015 miles, in 13 hr and 5 
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EcoNoMIc JUSTIFICATION 


The Burlington Railroad has had, perhaps, more experience 
with the operation of gas-electric motor cars than any railroad in 
this country, and at the present time has in service 55 such cars 
ranging in size from 275 to 400 hp, constituting about 27 per cent 
of its yearly passenger mileage. About 40 per cent of these 
motor cars operate without a trailer and the other 60 per cent 
with one trailer as a rule. That this operation is economically 
justified is indicated in Table 1. 

However, on the Burlington—and the same thing must hold 
good on many other railroads also, but perhaps not in the same 
proportion—there is another 25 per cent of passenger-train 
mileage too heavy for present motor cars, which when handled by 
conventional steam trains continue “in the red” as far as net 
earnings are concerned. Here is one zone that can well be oc- 
cupied by Zephyr type trains at this time, whatever prime mover 
be used, leaving to the not distant future their possible extension 
into broader fields, either in present or modified form. 


GENERAL DESCRIPTION 


The Zephyr weighs 208,061 lb, dry weight, and when ready for 
service, with full supply of fuel, oil, water, sand, and buffet 


27,670 lb on trucks Nos. 1, 2, 3, and 4, respectively. 

Of this weight trucks Nos. 1, 2, 3, and 4, including motors, 
weigh, 31,108, 14,218, 13,343, and 10,525 lb, respectively, a 
total for all trucks of 69,194 Ib. 

The train is 197 ft 2'/s in. long and is divided into compart- 
ments as shown in Fig. 2. 

In the design of the Zephyr special care was taken to facilitate 
repairs, within the restrictions laid down by its nature. The 
articulation is so arranged that upon lifting the body of the 
middle car from contact with its bottom center plates, the 
first and second cars are left with a full complement of trucks, 
so that the first car, on which repairs will be required most 
often, inasmuch as it carries the power plant, can be run on its 
own trucks to the repair point. The middle-car body, with its 
two top center plates, ties together the first and last cars. 

The center of gravity of the train is low compared with conven- 
tional equipment, the height above rail for this train being as 
follows: 52'/2in. at front truck, 49 in. at rear end of the first car, 
52 in. for the second car, and 52.4 in. for the third car. 

Fig. 3, which shows a cross-section of the Zephyr compared with 
a conventional car, brings this out clearly. 

Tractive effort and estimated train resistance at various speeds 
are shown in Fig. 4. 


TABLE 1 CHICAGO, BURLINGTON & QUINCY RAILROAD COMPANY, GAS-ELECTRIC PASSENGER-MOTOR-CAR STATEMENT, 
1929-1933, INCLUSIVE 


1929 

Number of gas-electric units in service..................0.04 53 
1,880,959 
Percentage of trailer miles to motor-train miles............... 60 
Average motor-train-miles per gallon of gas.................. 1.5 
Average motor-train-miles per gallon of lubricating oil......... 42 
Gallons of lubricating oil per 100 train-miles.................. 2.38 
Cost of repairs, labor, and material per mile, dollars.......... 0.0590 
Cost of fuel and lubricating oil 0.0674 
Total operating expense per mile, dollars.................... 0.294 
Total cost of gas-electric-motor-car investment, dollars........ 2,196,273 .45 
Depreciation at 8 per cent, dollars per mile.................. 0.055 
Interest on investment at 6 per cent, dollars per mile......... 0.0418 
Total fixed charge, dollars per mile....................0+000: 0.0976 
Total operating cost of steam-train service, Based on previous 

operating cost of gas-electric service including 6 per cent 

‘interest and 8 per cent depreciation, dollars per mile........ 0.3921 
Total saving over steam train, dollars per mile................ 0.1785 
Interest return on investment, per cent..............00.20008 25.5 


Total and 
1930 1931 1932 1933 averages 
16,440 17,271 16,707 16,206 81,851 
20. 206 221 22 212 
3,341,004 3,563,193 3,685,746 3,669,474 17,406,315 
1,934,012 2,161,422 2,253,270 2,275,584 10,505,247 
7.8 0.6 61 62 60.4 
1.49 1.46 1.43 1.34 1.44 
41 35 40.6 40.9 39.90 
2.44 2.83 z=. 2.44 251 
0.0503 0.0597 0.0594 0.0505 0.0558 
0.0611 0.0416 0.0455 0.0457 0.0523 
0.270 0.2 0.24 0.2345 0.259) 
2,413,273.45 2,415,121.13 2,375,121.13 2,290,295.18 2,338,016. 87 
0.053 0.054 0.0516 0.05 0.0530 
0.0400 0.0406 0.0387 0.0374 0.0397 
0.0934 0.0948 0.0903 0.0874 0.0927 
0.5706 0.5706 0.5706 0.5200 0.5605 
0.3638 0.3508 0.3353 0.3219 0.3526 
0.2068 0.2198 0.2353 0.1981 0.2079 
28.5 32.4 36.5 31.8 154.7 
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AS StrucTuRAL MATERIALS 


The entire body structure is of 18-8 stainless steel, except that 
at the front of the train a welded cromansil platform is used, and 
the articulated ends are, in part, made of soft-steel castings. (See 
Figs. 5 and 6.) 
Stainless steel is an alloy containing 18 per cent chromium 4000 
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(Air resistance is from M.I.T. tests.) 


and 8 per cent nickel. This steel attains, without heat treat- 
ment, greater strength and a higher yield point than most 
- tempered steels and, at the same time, has a toughness more in 
lop. of Rail keeping with softer material. In the annealed state it has a 
i ee tensile strength almost twice that of mild steel, and yet has a 

Cross-Section Passenger Compartment Cross-Section,Passenger Compartment workability suitable for the forming of structural sections by cold 
Burlington” Zephyr” Conventional Chair Car drawing. It is obtainable from several steel manufacturers in _ 

Fie. 3 Cross-Srctions or “ZEPHYR” AND CONVENTIONAL CAR the form of flat plates and is shaped by the builder into whatever 7 
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structural form is wanted by the simple method of pulling the 
plates through dies or by rollers of the required shape and arrange- 
ment. The predominating thicknesses of stainless steel used are 
0.040, 0.050, and 0.060 in., the latter two being generally used in the 
main truss members, depending on loading. Plates 0.040 in. thick 


FRAME OF First CAR WITH CROMANSIL PLATFORM IN 
PLACE 


Fic. 6 CRoMANSIL PLATFORM AND ENGINE BED 


reinforcethe side-door openings, except for some 0.060 in. thick used 
immediately over the mail-compartment side doors. The fluted 
side panels are 0.030 in. thick in the first car and 0.020 in. thick 
in the other two cars; they carry no load. The corrugated roof, 
belly, and floor materials are 0.020 in. thick, this being the mini- 


mum thickness for load-carrying members. The front sheathing 
of the train, including the pilot, is 1/s in. thick. The next sheet 
is '/, in. thick, this being used as top and bottom cover plates 
of the body bolster above the rear truck. This is the thickest 
sheet used. The thinnest sheet is 0.010 in. thick and is used only 
for weather-proofing the roof in certain regions. The material 
is rust-proof and no alkali or acid met with in its service can affect 
it. 

Cromansil is a steel alloy containing 0.40 to 0.60 per cent of 
chromium, 1.10 to 1.40 per cent of manganese, and 0.60 to 0.90 
per cent of silicon. The carbon content runs from 0.15 to 0.25 
per cent for the purpose for which it is used in the Zephyr. 


Fic. 7 FRAMING OF THE SECOND CAR 


This steel has a tensile strength of 90,000 and a yield point of 
60,000 Ib per sq in. and is well adapted for welding by the autoge- 


nous process. 


Car SrrucTURE 


Essentially, each car comprises two side trusses (see Fig. 7) 
receiving loading from the floor by way of the many floor beams 
and, in the case of the middle car, delivering end reactions to 
cross trusses at the ends of the car. These cross trusses deliver 
the final and total reactions down to the center plates and from 


here they are delivered to the trucks. The side trusses are 
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reinforced by whatever values can be assigned to the assistance of 
an all steel floor, a steel roof, and a steel ‘‘belly,”’ all tied by floor 
beams, carlines, and the like into the general structure. In the 
truss structures all gusseting is in pairs to avoid eccentric ac- 
tion. Center sills, in the customary sense, are missing, and the 
side sheathing is arranged to carry no load whatever. 

The same is true in the case of the first and third cars, except 
that, due to the location of the first and fourth trucks, body 
bolsters are used at these two points. 

With the exception of joints against carbon steel or cromansil, 
the entire car framing structure is tied together by the shotweld 
system in which a current of electricity is passed through the 
plates to be joined under such accurate control of pressure, cur- 
rent, and time that a local fusion is caused between the adjacent 
surfaces of the plates to be welded. However, fusion does not 
penetrate to the outer surfaces of the plates. Since the weld 
does not penetrate to the outer surfaces, the plates remain rust- 
proof, whereas, with the ordinary form of spot welding, the rust- 
proof feature is lost. (See Fig. 8.) 

The specifications of the welding required that (1) the molten 
metal shall penetrate the thickness of the plate not less than 50 
per cent or more than 80 per cent; (2) there shall be no deleterious 
carbide precipitation; (3) minimum unit shear shall be 70,000 Ib 
per sq in.; and (4) welds shall turn 90 deg without fracture. 
Should a weld not measure up to requirements, automatic sound- 
ing and recording devices so indicate. 

The structural-engineering problems encountered in the design 
of the Zephyr were many and varied. Many calculations were 
necessary that are not made in the case of an ordinary car, be- 
cause experience in building thousands of passenger cars gives 
assurance to permit much to | ken for granted that is not 


9 Steet CASTING OF ARTICULATED CONNECTION 


justifiable in a structure of novel design using material and meth- 
ods relatively new. These are described in a companion paper 


ARTICULATION 


The principal element of the articulated construction is a low- 
carbon-steel casting which combines the center plate and the 
two top side-bearings. (See Fig. 9.) This casting has two pairs 
of arms cast integrally and to these are riveted two vertical end 
posts and a pair of horizontal beams. These post and beam 
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members oppose the overturning action of the main casting, 
caused by the center plate overhang and the push and pull of the 
train, by transmitting at their outer ends the horizontal and ver- 
tical reactions, respectively, to the car body in the following man- 
ner: The posts transmit their reactions to the end of the steel 
roof, and the roof, assisted by carlines, purlines, and certain end 
reinforcing plates, transmits the final reactions to the sides of the 
car. The horizontal beams transmit their vertical reactions to 
two specially reinforced floor beams, which, in turn, transmit the 
reactions to the side trusses. These posts and beams have other 
functions as well, such as forming a part of the end, as collision 
members, and as push-and-pull members by which these actions 


Fic. 10 Power PLant anp Two CooLine 
Fans Seen From THe Roor nm 
are transmitted into the general structure and there spread into 
the many members. Of the latter, the steel floor, running the 
full length of car and anchored to the end castings, is an impor- 
tant factor. 


Rivet Versus SHOTWELD CONSTRUCTION 


In riveted construction, the reduction in net area of structural 
members due to rivet holes is accepted as a necessary evil, and 
so is the use of the large-size gussets, splices, and connections, 
which result from the required rivet spacing. All this has a 
cumulative effect in adding to the weight and to the magnitude 
of the secondary stresses in the structure. In the Zephyr there 
are no rivet holes, and the gussets, splices, and connections have 
been made unusually small by virtue of the close spacing possible 
between shotwelds and the high strength of such welds. 


STREAMLINING 


The Zephyr is streamlined and otherwise designed and shaped 
with the view of reducing the horsepower requirements for 
overcoming wind resistance. It is this feature, coupled with its 
light weight, that brings the project within the scope of practi- 
cability. Were it otherwise, the additional horsepower required 
to maintain high speed and to provide rapid acceleration would 
so add to the weight of the power plant, cars, and trucks, as to 
make their cumulative effect strongly unfavorable to develop- 
ments of this character. 

Wind-tunnel tests made by the Massachusetts Institute of 
Technology of models of the Zephyr, and of a three-car unit of 
conventional size, form, and truck arrangement, indicate that 
at a train speed of 60 mph the head-on wind resistance of the 
Zephyr type is about one-third of that of the conventional unit; 
the latter being vestibuled and having the common type of 
clearstory roof. The tests also show that with angular winds the 
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Zephyr has an even greater advantage. This advantage of the 
Zephyr is maintained throughout all ranges of speed. 


Power PLANT 


The Zephyr is the first motor train in this country to utilize 

a two-cycle Winton Diesel engine as a prime mover. (See Fig. 

.10.) It has an eight-in-line engine of the uniflow type with 
cylinders of 8-in. bore and 10-in. stroke, developing 660 bhp at 
750 rpm. Of its rated power, 60 hp is absorbed in parasite 
loads, and 600 hp is available for driving the direct-connected 
main generator which furnishes 750-volt direct current for 
propelling the train through two 300-hp motors mounted on the 
two axles of the leading truck. Without generators, the engine 
wéighs 20.8 lb per bhp, its light weight being attained in part 
by a process of welding together high-tensile steel plates to form 
an unusually light one-piece engine block and crankcase. 

The efficiency of the engine is greatly increased by the ap- 
plication of the Roots-type scavenging-air blower, which not 
only acts as a supercharger for augmenting the power output, 
but also provides the means for eliminating exhaust gases from 
the cylinder. At higher altitudes, power loss is incident to 


Fig. 11 Cover Forminc EnGIng-Room Roor, SHowING 


CoILs FoR CooLING WATER 


internal-combustion engines not fitted with supercharging de- 
vices and may amount to as much as 15 per cent at an elevation 
of 5000 ft. The supercharger will reduce power losses due to 
altitude. Another innovation is a separate fuel-injection system 
for each cylinder through which the fuel charge is accurately 
measured und atomized at pressures up to 18,000 lb per sq in. 

The Diesel engine burns low-priced, low-volatile fuel ranging 
from 22 to 36 deg Bé gravity, which is a fuel considerably heavier 
than that which can be burned in a gasoline engine. 

For cooling purposes two large engine-driven fans are used to 
maintain a pressure in the engine room slightly above that of the 
atmosphere. The fans are located in the two air intakes leading 
from the grilled openings in front of the train. The outlet is 
through slots in the roof of the engine room so located that the 
air must pass through the fin-type radiator coils before reaching 
the outside. (See Fig. 11.) 

The main generator is a differentially wound machine directly 
connected to the engine through a flexible steel-disk coupling. 


A direct-connected exciter gives the generator characteristic 
which permits full engine utilization over a wide range of speed. 
The 25-kw auxiliary generator is belt driven from the exciter 
end of the main generator and is used for furnishing 76-volt cur- 
rent for the operation of air compressors air-conditioning equip- 
ment, battery charging, lights, control apparatus, buffet cooking, 
and the like. It is of the four-pole direct-current commutating- 
pole type and operates at a constant voltage regardless of load 
over the full range of engine speed from idling to full speed. 

A 64-volt Exide battery of 450 amp-hr capacity at a 10-hr dis- 


Fig. 12 A View or THe Truck SHowina How Rvusser Is 


Usep IN ITs ConsTRUCTION 


charge rate is used for starting the Diesel engine and to take care 
of the parasite loads when the engine is not in operation. 

The traction motors are progressively connected in series, 
parallel, and parallel-shunted-field combinations, and transfer 
from one connection to the next is under manual control. 


Trucks 


The trucks are of the Commonwealth equalized pedestal type, 
all four trucks having a wheelbase of 8 ft and outside bearings. 
See Fig. 12. In order to cut down the weight of the train each 
truck is designed for its specific load, resulting in four sizes of 
journals, nominally, 6 in. by 11 in., 5'/: in. by 10 in., 5 in. by 9 in., 
and 4'/,in. by 8in. Timken roller bearings are used throughout. 
Temptation to use lighter-weight experimental trucks was re- 
sisted by the thought that the trucks are the foundation of the 
train and as such are of utmost importance, particularly at high 
speed; but the weight of the trucks was cut down to some ex- 
tent by making use of nickel steel in the castings, hollow- 
bored axles, and one-wear wheels. Special precautions were 
taken with the wheels. They are of the forged-steel type, 
finished all over before heat treatment in order to make sure of 
sound metal and to remove every vestige of dynamic augment, 
toughened on the rim to resist wear and punishment, and finally 
ground truly round and concentric after being mounted on the 
axles. Thirty-six-inch wheels are used on the power truck 
and 30-in. wheels on the other trucks. . 

All trucks are thoroughly padded with rubber in compression 
to dampen the transmission of sound and vibration to the car 
bodies, and as a further step in this direction, Holland helical- 
volute springs are used on the equalizers of all trucks. These 
springs consist of the combination of a conventional helical 
spring for the outer coil with a specially designed inner volute 
spring coiled in such a way as to provide frictional resistance 
in its movement. In order properly to control the overhangs at 
the ends of the train, the front and back trucks have their swing 
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hangers set at greater angles than are used on the two inter- 
mediate trucks. 

The truck center plates, as well as the articulated joints be- 
tween the cars, are fitted with oiling facilities and in addition 
rest on “oilite’” bearings. Oilite is a bronze bearing material 
that holds a large amount of oil within its porous structure 
which flows out in the event of interruption of the lubrication 
system. 


BRAKES 


Special Westinghouse brake equipment has been provided to 
accomplish smooth, quick, and dependable deceleration. The 
following is adapted from their Vice-President Down’s descrip- 
tion: 

The braking system consists of (1) a primary straight air- 
brake system, providing the element of high flexibility, (2) a 
secondary automatic air-brake system, providing high-pressure 
emergency features, and (3) a safety control system, electro- 
pneumatically interlocked with the two basic systems, to guaran- 
tee their integrity against any mechanical or supervisory failure. 
In the primary system an automatic self-lapping brake valve 
supplies pressure to a control pipe connected to relay valves on 
each car brake unit, which, in turn, control the flow of air from 
storage reservoirs on each car to the brake cylinders. The self- 
lapping brake valve, one of the latest developments in the air- 
brake art, maintains pressure in the brake system according 
to the position in which its handle is placed. High-capacity 
rapid-acting relay valves respond immediately to the variations 
in control-pipe pressure created by a movement of the brake- 
valve handle, reproducing instantaneously in each brake cylinder 
on each car the exact degree of pressure sought by the operator. 
The operator can “graduate” on or off in small increments, in- 
suring prompt efficient brake performance and flexible control 
that provides smooth stops under all conditions. 

In the event of failure of the primary brake system to respond 
normally to the operator’s control within a predetermined time 
interval, the secondary high-pressure emergency brake will be 
applied automatically, thus insuring the integrity of brake control 
at all times. 

Interlocked with both service and emergency brakes is the 
safety control system, which assures maximum safety at all 
speeds. It requires the operator to be at his post and in complete 
control while the Zephyr is in motion. He must keep his hand 
on the brake-valve handle or his foot on the brake-valve pedal. 
Should he inadvertently neglect to do this, or should he be- 
come incapacitated in any manner and release both controls, 
the safety control system immediately functions to cut off the 
power and produce a high-pressure emergency brake applica- 
tion. 

Wheels are protected by a retardation controller, another new 
development, which functions to control the brake-cylinder 
pressure to a degree that provides a retardation rate of a pre- 
determined number of miles per hour per second that is well 
within the limits of wheel and rail adhesion under normal rail 
conditions. The retardation controller is a pendulum device, 
suspended on ball bearings, and arranged to swing in the line of 
train motion. Inertia of the pendulum closes a battery circuit 
at the predetermined maximum rate of deceleration, thereby 
influencing electric magnets on the brake equipment of each car, 
which, in turn, limit the brake-cylinder pressures and at the same 
time signal the operator by flashing cab lights, informing him that 
the maximum retardation rate is established, and thus assisting 
him in exercising proper control. 


HEATING 


The vapor system of steam heating is used throughout, inter- 


ans. 


locking with the air-conditioning system in such a way that the - 


forced-ventilation feature of the latter is available at all seasons 
of the year. In mild weather, heat is applied to the three passen- 
ger compartments from heater coils mounted in the evaporators 
and discharged into the car through the air-conditioning grills. 
In cold weather, additional heat is supplied from heater coils 
close to the floor line at each side wall of the car in the conventional 
manner. Thermostats in each passenger compartment auto- 
matically regulate the temperature. All heating pipes are of 
copper, fitted with copper fins, a very considerable saving in 
weight being made by their use as compared with steel pipe. It 
is estimated that the heating system can maintain a temperature 
of at least 70 F in all passenger compartments when the outside 
temperature is 30 F below zero. 

Steam for heating is provided by an oil-fired 100-lb boiler with 
an evaporative capacity of 500 lb of water per hr. The boiler 
is completely automatic as to the maintenance of water level, 
steam pressure, and steam supply. It is located in the rear 
baggage compartment and train lines carry the steam to both 
ends of the train. Condensation from the system drains into 
sump tanks in each car and from there is automatically returned 
to a 50-gal feedwater storage tank, instead of being discharged 
into the atmosphere as in conventional installations. Seventy- 
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Fie. 13. A Visw or THE END oF THE TRAIN SHOWING HEatT- 
INSULATION MATERIAL IN PLACE, AND AN AIR-CONDITIONING 
Ducr 


five gallons of fuel oil are carried in the baggage compartment, this 


being sufficient for a 500-mile round trip of the train in the most _ 


severe weather, with an ample allowance for emergency condi- 
tions. 


Atr ConDITIONING 


The Zephyr is unique in railway practise inasmuch as each 
passenger compartment is fitted with its own individual freon 
air-conditioning apparatus and circulating system. Three 
1'/,-ton compressors with evaporator coils are mounted beneath 
the floor and the cooled air is blown through ducts for distribution 
through grills in the partitions close to the ceilings of the cars. 
There is a complete change of air supply every 1!/; min., of which 
15 per cent or more is fresh outside air. All air is passed through 
filters before entering each compartment and also when drawn 
out for reconditioning. The fan distribution system is ar- 
ranged to function for ventilation in either heating or cooling. 
Cooling is regulated by thermostats. In the event of a failure 
of the ventilating system fresh air can be scooped into each 
passenger car by opening outwardly the hinged windows set into 
the side doors of the vestibules, these windows being specially 
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designed for that purpose. As is customary in air conditioning, 
all windows in passenger compartments are permanently fixed. 


INSULATION 


It would not be amiss to consider the stainless-steel car struc- 
ture and sheathing itself as an insulating medium when it is com- 
pared with a car built of carbon steel or any other metal having a 
decidedly higher heat conductivity. The heat conductivity of 
stainless steel is one-third that of carbon steel. Then, too, the 
use of such thin sheets provides less material for heat conduction 
into or out of the car by way of posts, braces, carlines, and the 
like. The bright surface of the stainless steel sheathing has a 
certain reflective capacity unfavorable to heat transmission. 

In order to save weight, “‘alfol” was chosen as the main insulat- 
ing medium. It is made of the purest aluminum rolled into 
sheets of extreme thinness and depends upon its reflective ca- 
pacity to retard heat transfer. In its application the sheets are 
deliberately crumpled and the resulting ridges act as spacers to 
separate the various layers of sheets. The air pockets between 
the ridges and layers act to oppose heat and sound transmission. 
Four layers of alfol are applied in the sides, ends, and roofs, but 
no insulation is applied in the floors other than that resulting 
from the floor covering. (See Fig. 13.) Cork filler is placed in 
the recesses of the corrugated steel floor and on top there is a 
5/i-in. layer of cork. In baggage and mail compartments, the 
cork layer is overlaid with maple flooring. This lack of heavy 
insulation in the floor is due to the fact that the belly of each car 
forms a more or less “warm basement.” To the inside skin 
of the belly is applied a '/,-in. thick course of hair felt laid be- 
tween two layers of craft paper, one of which is cemented to the 
sheathing. This not only furnishes heat insulation, but is 
considered more effective than alfol in deadening sound. oe 


In the smoking compartment and the coach, the 64-volt lights 


LIGHTING 


During the entire period that the Zephyr was being designed and built by the Edward G. Budd Manufacturing 
Co., Mr. Anderson, the author of this paper, lived in Philadelphia, Pa., 


~ control of the attendant, each passenger 
_ fitted with a loud speaker with suitable switch and volume con- 


are housed in two parallel ceiling ducts and so arranged as to be 
invisible. They act by reflection against adjacent curved in- 
verted troughs in such manner that the compartments are il- 
luminated by twin beams of light running the full length of the 
ceiling, so focused as to give a uniform intensity of 8 foot-candles 
at the reading plane and to eliminate all possible glare. 

In the lounge the lighting is direct from inverted troughs 
placed above the windows and extending entirely around the 
compartment. (See Fig. 13.) 


MISCELLANEOUS 


The outside finish of the train is of stainless steel throughout, 
fluted material being used on the sides below the belt rail and 
steel-armored 3-ply basswood above. This plywood has, glued 
to its outer face and edges, stainless steel armor 0.0156 in. thick, 
and, glued to its inner face, a thin sheet of electrolytic copper; 
the two metals finally being soldered together. 

The inside finish of the passenger compartments consists of 
“masonite” side panels and “agasote” ceilings, except that the 
ceiling of the parlor compartment is in large part of stainless 
steel. 

All window glass is of the safety type, in which the thickness 
of the plastic has been somewhat increased over common practise 
in order to increase its strength. 

The buffet furnishes grill service, ice cream, and hot or cold 
drinks. All cooking and heating is done electrically. 

Special attention has been given to providing storage space 
for hand baggage and clothing. The reclining seats are de- 
signed to furnish a maximum of space beneath them and are 
fitted with metal hangers for coats and spring clips for hats. 
In addition there are four hand-bag lockers in the last car. 

The train is equipped with a radio in the buffet under the 
compartment being 


trol. 


in order that he might give his com- 


plete cooperation to the underts sking. 
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New materials of construction have permitted the design 
of passenger trains of exceptionally light weight, which are 
capable of high speeds. The author discusses the econom- 
ics of light-weight construction and deals with the rela- 
tion of horsepower per ton to train performance under 
varying conditions of streamlining and weight. The im- 
portance of low-frequency spring reactions for light- 
weight cars is stressed. The paper then deals with the 
physical properties of stainless steel with consideration of 
the stability of thin-web structures. 

It closes with the consideration of the major characteris- 
tics involved in the design of light-weight car structures 
as exemplified by the Burlington ‘‘Zephyr’’ in connection 
with which an effort was made to develop a rational basis 
of determining redundant reactions in the several indeter- 
minate features involved in the structure. 


1—ECONOMICS OF LIGHT-WEIGHT TRAINS 


; ‘ PRIMARY difficulty in the development of motorized 
4 A trains, particularly when propelled by self-contained 
units as is the case with Diesel- and gas-engine-electric 

drives, has been the limited power available per ton of train 
weight. On the power side advances have been made by the 
increase of rotative speeds, higher compression ratios, and better 
combustion performance, together with refinement in design. 
These have resulted in increased weight efficiencies for engine 

units as weli as similar refinements and improved control, e.g., 

the differential and torque field control in the electric equipment. 

Until lately, however, very little effort has been made in the 
reduction of equipment weight. Of the distinct light-weight 
class, there first appeared last year the Texas & Pacific train of 
stainless steel, next the aluminum Union Pacific train, and more 
recently the Burlington Zephyr. The last two have nearly 
comparable weights and similar performance, with approximately 
600 engine horsepower and an operating efficiency of more than 
4 hp per ton available at the rail. 

To attain this performance and corresponding weight reduc- 
tion and at the same time maintain the advantages of all-steel 
construction, stainless steel was selected for the Zephyr because 
of its excellent physical properties, good ductility, fatigue re- 
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- engaged by the E. G. Budd Mfg. Co. as consulting engineer in 1933. 
_ Contributed by the Railroad Division and presented at the Semi- 
Annual Meeting, Denver, Colo., June 25 to 28, 1934, of Taz AMERI- 

CAN Society or MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 

_ A.S.M.E., 29 West 39th Street, New York, N.Y., and will be ac- 
- gepted until November 10, 1934, for publication in a later issue of 
TRANSACTIONS. 

Nore: Statements and opinions advanced in papers are to be 

_ understood as individual expressions of their authors, and not those 

of the Society. 
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sistance, and resistance to corrosion. A special welding de- 
velopment has made it possible to use thin-web structural mem- 
bers, light gussets, and connections, which, with careful technical 
design, have resulted in a structure comparable in strength with 
present modern steel equipment, but with a reduction in weight 
in excess of 60 per cent. The use of articulated connections has 
eliminated two complete trucks in a three-car train and has 
achieved improved riding qualities. 

Light-weight motorized trains offer distinct advantages for 
counteracting the present decline in passenger traffic that results 
from competition with the automobile and airplane. With 
light-weight trains, frequency of service can be established 
because of the relatively low cost and economy of operation. 
Faster schedules can be attained with more frequent stops because 
of rapid acceleration and the high-speed characteristics inherent 
in light-weight equipment. Terminal conditions are simplified 
and roundhouse attendance is greatly reduced. 


Low Power REQUIREMENTS 


In what way does light-weight equipment make possible high 
speed, rapid acceleration, and increased frequency of service? 
Irrespective of the type of power—steam, gas, or Diesel engines— 
and the type of train, and neglecting for a moment the relative 
advantages of streamlining, the criterion of performance depends 
essentially on the horsepower per ton at the rail. Since both — 
inertia and total train resistance increase with the tonnage of — 
the train, the horsepower required for a given performance 
increases with the total weight of train. To obtain high speeds — 
with rapid acceleration, it is necessary either to increase the ~ 
horsepower capacity of the power plant or reduce the weight 
of the train itself. Aside from the obvious economic advantage 
of reducing the size of the power plant to a minimum, the demands 
for higher performance in acceleration and speed place a serious 
limitation in reasonable size of power plant for orthodox equip- 
ment. For instance, the usual three-car motor train, at a mini- 
mum of 70 tons per car, requires, for a performance similar to — 
that of the Zephyr, a power plant developing at least 1100 hp 
at the rail, or an engine of from 1500 to 1600 hp, as compared 
with the Zephyr with its 660 hp. Again, to obtain the same 
performance as the Zephyr’s with a six-car train, with light-weight 
construction at 30 tons per car, approximately 930 hp will be 
necessary at the rail, requiring an engine developing from 1200 
to 1300 hp. With a similar heavy-weight train of 70-ton cars, ‘ 
2150 hp would be required at the rail, or an engine developing — : 
2900 hp. The former is entirely within the range of practica- — 
bility, the latter would require a separate locomotive which, in 
turn, would considerably increase the size of the power plant 
and total weight of the train. For these reasons alone, a 
sideration of minimum light-weight equipment is of vital im- 
portance for motorized trains. 


FREQUENCY OF SERVICE 


Frequency of service ultimately depends upon the availability — 
of train units, neglecting the limitation in trackage for freight — 
and other service. Availability of service depends essentially — 
on the ratio of days actually in service to the total assigned — 
days and the schedule for any given assignment. Burlington — 
statistics indicate, for present gas-electric equipment, that more = 
than 90 per cent of the assigned days are covered. Even assum- 
ing more unfavorable conditions, the assignment efficiency of 
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motorized trains should be of fairly high order. With increased 
performance assignment can be materially increased. The 
Zephyr assignment covers a 500-mile schedule with frequent 
stops at roughly 15-mile intervals. With present steam equip- 
ment, schedule assignments are in general of much lower order, 
possibly ranging from 200 to 300 miles. 


Low OPERATING EXPENSE 


From a purely economic point of view, light equipment is of 
fundamental importance in the reduction of the major operating, 
maintenance, and fuel charges. Both maintenance and fuel 
costs increase with the weight of the equipment, because a 
major element of cost is the maintenance of the power unit. 
Maintenance costs are roughly proportional to the rated horse- 
power-miles per unit. The cost per horsepower-mile obviously 
increases with smaller units; it is affected by the load factor, i.e., 
the ratio of average to peak horsepower, the type of power plant, 
and other variables. With heavy-weight steam locomotives it 
probably exceeds roughly $0.0001 per horsepower-mile. With 
light steam power it may increase considerably. From Burling- 
ton statistics covering a variety of gas-electric equipment and 
assuming an average of 300 hp per unit, the cost per horsepower- 
mile is estimated roughly at $0.0002, but this includes all other 
costs of train maintenance beyond the power plant. There are 
few or no statistics applicable to Diesel-engine units for rail 
service. However, in comparing the maintenance costs of 
motorized trains, it is evident that since the horsepower demand 
is proportional to train weight, savings in maintenance are in 
direct proportion to the weight of the equipment for comparable 
performance. In comparing light-weight motorized units with 
ordinary steam equipment, which requires about three times the 
horsepower but which meets roughly the same performance re- 
quirements, even with a cost per horsepower-mile for the motor- 
ized unit from 11/; to 2 times greater, the savings in maintenance 
per train-mile should be from 50 to 25 per cent. In this latter 
competition the savings are even more drastically affected by 


the use of very light-weight equipment. inet ats 


Fuel costs are an important element in total charges. It is 
evident that in comparing motor trains, fuel consumption varies 
with the horsepower of the unit and therefore in direct propor- 
tion to train weight. In the comparison of light-weight motor- 
ized units with heavy steam equipment for the same performance, 
in addition to reductions in horsepower ratios due to light weight, 
there is an additional advantage of low unit fuel costs for Diesel 
engines. With Diesel-engine-electric drives, the fuel consump- 
tion may be taken conservatively at 0.55 lb of fuel oil per hp-hr 
at the rail. Similarly, the fuel consumption of a steam loco- 
motive at normal maximum horsepower may be estimated at 
2.5 lb of coal per hp-hr at the rail. Because of the varying 
characteristics of the horsepower-vs.-speed curve of a steam 
locomotive, lower efficiency is realized, particularly in the lower 
speed ranges. In either case, in order to estimate the fuel 
consumption per mile it is necessary to estimate the horsepower- 
hours per mile which obviously varies greatly for different 
schedules. Moreover, the fuel consumption per horsepower- 
hour depends upon the relative efficiency, and this in turn 
depends upon the ratio of average to rated horsepower, i.e., the 
load factor. 

The three-car motorized Burlington Zephyr under loaded 
operating conditions weighs 120 tons, including the power plant. 
The engine develops 660 hp, and deducting the power for auxil- 
iaries and considering the overall efficiency of the electric drive, 
it delivers approximately 480 hp at the rail. The maximum 
performance ¢ characteristic is high, exceeding 4 hp per ton, and 


Low Fvet Costs 


is approximately constant throughout the speed range. For a 
steam train to attain such a performance, but with heavy weight 
equipment at 70 tons per car or a train load of 210 tons, it would 
require over 1500 hp at the rail or about 1900 ihp. With stops 
15 miles apart, the motor train would require roughly 8 hp-hr 
per mile as against 24 hp-hr per mile for the steam train. On 
the basis of fuel oil at $0.03 per gallon, and coal at $2.35 per ton, 
then per mile the costs of operation will be $0.0165 and $0.059 
per mile for the motor and steam trains, respectively. Assuming 
a yearly mileage of 100,000, the saving in fuel amounts to $4250 
in favor of the motor train. 


2—MECHANICS OF THE PERFORMANCE OF A TRAIN 


The acceleration of a train is produced by the difference of 
the total tractive force 2Z at the base of the motor truck and 
the resisting forces =F at the treads of the remaining truck 
wheels and the air resistance Ps. On grades there is in addition 
the gravity component Mg sin a, where M is the total mass of 
train, including all trucks, and a is the angle of gradient. 

The equation of motion for the translation of the train is 


dv 
h = 
where 


— =F — Mgsina— Pe = M2 


dv 
v — is the translation acceleration. If @ is 


ds 

the motor torque, y the gear ratio, « the motor and gear effi- 
ciency, meke? the moment of inertia of the armature, mk?* the 
moment of inertia of the wheels, axles, etc., then if @ is the angular 
displacement and R the radius of the wheels, for the rotational 
motion 


eby — ZR = (meke*y? + mk*)6 
Z = eby/R — (meke*y? + mk*)2/R? 


In like manner, if z is the total friction torque per axle, con- 
sisting of bearing, rolling, flange, etc., friction moments 


FR— = 


and 


where Fp is the reduced friction force at the rail due to me- 
chanical friction for the trucks other than the motor truck. 
Substituting [2] and [3] in [1] we have =, 


Zeb — Pa— Mgsina = M + im 


From the rate of energy input to the train, i.e., the power equa- 
tion, we have 
Lebo — — Pet — = 


E (Mz? + + | 


On differentiating the right-hand member, eliminating z, and 
noting that ¢ = 76 for the angular motion of the armature, 
6 = #/R for the angular motion of the wheels, ¢ being the velocity 


di 
y~ = #, the acceleration, we obtain 


omsten [4], which i is the equation of motion of the train. 


of the train at any instant, 
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For the energy input to the train, we have the energy equation 


S (2«b)do — — Mg sin ax 


~ Mg sin a) dz 


M k? . 
+ x + =m — 


On braking with a brake torque $a, Fr = ¢s/R and, neg- 


lecting dr and Pe as small, with no gradient 


1 ke \ , 
f Frdz = ( M + make? + =m 


In the various expressions we note additional terms for the 


rotational inertia of the train, which increases the translation 


where 


the distance of braking 
the initial velocity. 


Vv) 


inertia. For the equivalent inertia of the train, let 

ka*y? k? 

= kM = M + Ime + 2m 


where k varies from 1.1 to 1.2 and let 


Then the equation of motion of the train and the energy equation 
reduce to 


Zo = Xeby/R = motor tractive force at rail 
Zr = =Fr + Pa = total train resistance. 


¢ — Zr— Mgsine 


and 


= kMz 


"3 
1 
— Zr — Mgsina) dr = 3 


It is usual practise to express the acceleration in miles per 


hour per second as A, the velocity in miles per hour as V, and 
the displacement in feet as z, so that 


dV 
= 1. = 2.15V — 
# = 147A 


where 


The train weight is expressed in tons and the accelerating force 
in pounds per ton. Further, if G is the gradient in per cent, 
then sina = G/100. If W is the weight of train in tons, 2000W 
= Mg. Therefore 


G 1.47 X 2000 
— Fe — 2000 = X 2000 
and ‘an 


W 


RAILROADS 


Therefore 


which gives a condensed and generalized form for the motion 
of a train. 


Zr(per ton) = 20G + 100A (lb per ton) 


RR-56-4 
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PoweER RELATIONS 


The horsepower H developed by the motors at the rail is 


(2) (22) 
2) —20G = 100A........ 


where 


(2) = the horsepower per ton at the rail 

3 ZR 

W = total train resistance, lb perton. 
Train RESISTANCE AND STREAMLINING 

Train resistance may be divided into two primary components, 
(1) the resistance due to rolling and bearing friction, ete., and 
(2) wind resistance. At low and medium speeds the former is 
by far the greater component, and streamlining offers no par- 
ticular advantage. With the higher speeds, air resistance 
becomes a large component of the total resistance and a material 
reduction of this component considerably reduces the total 
resistance. 

For the mechanical resistance, i.e., rolling and bearing friction, 
etc., we have 


= We+Ty + Ty + fq 
where 
meee r, 


Fr = R 

In the rolling-friction moment We, the offset of the rail reaction 
from the center of the journal is around 0.02 in. It may increase 
with bad track and speed. The bearing-friction moment Ty 
= uWd/2 where » = 1/200 (approx.), W = journal load, and e 
= diameter of bearing. With roller bearings Tx; = 0.0025Wd/2 
(approx.). Flange friction moment fg depends upon the average 
lateral pressure and is difficult even to approximate. 

It is well known that the resistance per ton increases with 
light-weight equipment. To take care of the aforementioned 
components, there are many train-resistance formulas with 
varying degrees of reliability. Undoubtedly one of the most 
accurate is the Davis formula. In this the mechanical friction 
per ton is es 9 


9.4 12.5 eau 


Fr = + kV (per ton) 


in which 
k = 0.09, motor truck 
k = 0.08, trailer truck poder, 


or a good approximation for axle loads exceeding 5 tons is een? 
Fr = 1.3 + 29/w + kV (per ton) wi} 


where w = W/n = average weight per axle in tons. 

With roller bearings, this resistance may be reduced as much as 
20 per cent. Moreover, the high initial bearing friction, due to 
the complete breakdown of the oil film in the bearings under 


starting conditions, is eliminated. 
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The air-resistance component (2) is of interest particularly 
in the reduction of its value by streamlining. Without stream- 
lining the air moves relative to the train with a velocity v. 
_ The mass affected per unit time is proportional to pAv/g, where 
p is the density of air, A the train cross-section, and v the velocity. 
The momentum in the air per unit time by the action of the 
train on the air is found to be approximately pAv?/2g. With 
p = 0.08 lb per cu ft, g = 32.2 ft per sec per sec, and the reaction 
_ of the air on the train is approximately Pa = pAv?/2g = 0.00125 
Av? = 0.0027AV?, where V is the speed in miles per hour and v 
= 1.47V. 

In the Davis formula the head-end resistance is given as 
0.0024V*. With more than one car there is an added factor 
for each car due to skin friction. 

In aerodynamics, it is customary to express resistance in 


terms of drag coefficients, so that, 


Ps = DAV? 


where D, is the drag coefficient. 

From wind-tunnel experiments conducted on small-scale 
models of the Burlington Zephyr at the Massachusetts Institute 
of Technology, the value of D. for the model was found to be 
0.0009917. A model of a conventional train was also tested, 
resulting in a drag De = 0.002586.. It was estimated that D. 
for the conventional car was 20 per cent low for full scale, and 
as both models were the same length it seemed reasonable to 
assume this factor would also apply to the full-scale value of the 
Zephyr, although actual tests proved that this factor was found 
to be overestimated. Therefore, for the streamlined Zephyr, 
Ps = 0.0012AV? lb. It is interesting to note that of the total 
air resistance, approximately two-thirds is due to skin friction, 
according to standard skin-resistance formula. 

In the Davis formula air friction is given as De = 0.00034 for 
conventional trailing cars, which consists entirely of skin friction, 
turbulent resistance of projecting equipment, surface discon- 
tinuities between cars, etc. This may be considered side re- 
sistance. For three cars, this amounts to D. = 0.00102. This 
is 85 per cent of the entire air resistance of the Zephyr. 

For this reason, the importance of side resistance along a 
train increases with the length of train and may become of 
comparable importance with head-end resistance. It becomes 
of particular importance when head and tail end are well stream- 
lined. Great care, therefore, should be given to the prevention 
of recesses, etc., in long trains. 

For the Zephyr the complete formula for train resistance is 


Zr = 1.3 + 29/w + 0.0545V + 0.0012A V2/wn (Ib per ton) 
and for a conventional train of the same number of cars 
Zr = 1.3 + 29/w + 0.0545V + 0.0027A V2/wn (lb per ton) 


where w is the average number of tons per axle and n is the total 
number of axles. 


GENERALIZED PERFORMANCE CHARACTERISTICS 


The performance of any train depends on the available horse- 
power per ton at the rail and the total resistance per ton. Al- 
though the latter decreases somewhat with increased weight of 
train, in a first approximation it may be considered independent 
of the weight of the train for a considerable range of operating 
speeds. Therefore, in a first approximation, the performance 
depends essentially only on the available horsepower per ton at 
the rail and is fairly independent of the particular total weight 
of the train. 

At very high speeds, however, the air-resistance component 
of the train resistance becomes of great importance. The air 


resistance, which depends upon the geometric configuration of 
the train, decreases with increased weight of the train, and at 
high speeds the total train resistance per ton is decreased, in 
general, with heavier trains. Moreover, the advantages of 
streamlining are not so great for heavy trains as for light trains. 

An interesting comparison was made with the Zephyr, light 
and loaded. For the same total horsepower available, ob- 
viously the horsepower per ton for the light train is greater than 
for the loaded train. With 3.8 hp per ton for the loaded train 
as against 4.5 hp per ton for the light train, the same top speed 
was found. This is because the decreased air resistance per ton 
for the loaded train as against the increased air resistance per 
ton for the light train compensates for the differences in horse- 
power per ton for the two cases. 

For close comparisons, particularly for estimating top speeds, 
it is always desirable in estimating performance characteristics 
to approximate closely the weight of train. At low speeds and 
in the more important acceleration zone, the particular train 
weight is not important. 

The mean loaded weight of the Zephyr was taken at 120 tons. 
We might consider this as typical of light-weight, three-car trains. 

For estimating performance characteristics for motorized 
trains, the following relation was used: 


H (ton) = [1.3 + 29/0 + + kySV2/wn + 100A ]V/375 


where 
H (ton) = the horsepower per ton at the rail 
A acceleration, mph per sec - 
= cross-section of train, sq ft ores re 
0.09Wm + 0.0317; 


= weight on motor truc 
weight on trailer trucks 
Wm + W: = total weight of train - 
0.0004 + 0.00027N for streamlined trains? ‘ 
total number of cars 
0.0024 + 0.00034M; for conventional trains 
= number of trailer cars. ; 


ah 


For constructing space-velocity curves 


3.75 H (ton) 


— 0.01 (13 + 29/w + kV + 


but A = 1.47V 


_ 0.255 Hiton) 0.0068 


(13 + 29/w 


+hV + AS 
where AV is the increment velocity in miles per hour corre- 
sponding to the increment displacement AS in fact. 

Fig. 1 shows acceleration curves with differential rates of 
acceleration. The curves are based on constant horsepower 
throughout the speed range. Dotted lines indicate a conven- 
tional but light-weight train of 120 tons, not streamlined, and 
the solid lines are for a light-weight streamlined train. 

With 4 hp per ton available at the rail and at 10 mph the 
acceleration is 1.5 mph per sec; at 50 mph it decreases to 0.2 
mph per sec. To increase the acceleration to 0.5 mph per sec 
at 50 mph would require 8 hp per ton. When the tractive 


2 Arbitrarily increased by 20 per cent in scaling up from wind- 
tunnel tests. 
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force balances the train resistance, the acceleration A is zero, 
and we have the top speed condition. With the streamline 
train, assuming a maximum of 4.3 hp per ton, the maximum 
speed is 95 mph. Top speeds exceeding 100 mph have been 
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Fig. 1 CHARACTERISTICS OF CoNSTANT-HoRSEPOWER TRAIN 


(Relation between horsepower per ton and speed. Total weight, 120 tons.) — 
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Fie, 2 CHARACTERISTICS OF CoNSTANT-HORSEPOWER TRAIN 


(Relation between tractive force and resistance and speed. Total weight, 
120 tons.) 


reached with the Zephyr but the arbitrary 20-per cent increase 
of wind resistance over the values determined in the wind-tunnel 
tests account for this, and the figures, therefore, are on the 
conservative side. Without streamlining the maximum speed 


0 20 40 60 80 100 2 


at 4.3 hp per ton is 78 mph. It is to be noted, however, that 
streamlining has very little effect on acceleration at the lower 
speeds. 

Fig. 2 shows the relation between tractive force per ton and 
speed with constant horsepower throughout the speed range. 
Curves are plotted for 3, 4, and 5 hp per ton. Resistances per 
ton for level track and for grades of !/, and 1 per cent are also 
plotted. Where the resistance curves intersect the tractive- 
force curves, a condition of equilibrium or limiting speed exists. 
The curves are plotted on the conservative side and actual per- 
formance should somewhat exceed these values. It is to be 
noted that if high initial acceleration is required, say at 1.5 mph 
per sec, the adhesion capacity must exceed 150 lb per ton. The 
solid lines refer to streamlined cars and the dotted lines to con- 
ventional cars. The curves are based on a total weight of 120 
tons. 

Fig. 3 shows the relation between acceleration and speed for 
constant-horsepower trains. The adhesion zone for all three 
cases was limited to 12 mph. Streamlining has very little 
effect on acceleration performance below 40 mph. 
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HorsEPOWER TRAIN 


Fig. 4 shows distance-speed characteristics assuming constant 
horsepower throughout the speed range. Braking curves were 
taken at 2 mph persec. A streamlined and a conventional train, 
of the same weight of 120 tons are compared on the basis of 4 hp 
per ton. Solid lines are for streamlined trains 3, 4, and 5 hp per 
ton. 

For stops 2 miles apart, with 3 hp per ton, a speed of only 
52 mph can be obtained. At 5 hp per ton, a speed of 62 mph 
is reached. The total time of the run is 190 sec at 3 hp per ton 
and 160 sec at 5 hp per ton, or somewhat more than 20 per cent 
in running time. It will be noted that no gain is effected by 
streamlining. With 15-mile stops, streamlining on the basis 
of 4 hp per ton results in a saving of 1!/; min. Limiting speeds 
can approximately be reached at 15-mile stops. Streamlining 
appears profitable for stops at intervals exceeding 12 miles. 


Locomotive HAULAGE 


It is of interest to compare locomotive units independently 
of the train. With trains comprising more than six cars, separate 
locomotive traction appears feasible because of the power 
required. 

To estimate the size of the locomotive, it is necessary to make 
some assumption as to its weight efficiency. Present modern 
steam locomotives weigh from 100 to 130 Ib per hp. The 
weight ratios of tenders with respect to the locomotive vary 
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from 0.5 to 0.8. In Table 1 a loco- 
motive weight efficiency of 100 lb per 
hp and a tender weight ratio of 0.7 
have been used. 


—-— Conventional Cars 
— Streamlined Cars 


The weight efficiency of Diesel and 
special steam locomotives would be ex- 
pected to vary considerably at the 
present time. A value of 140 lb per 


hp has been taken. It is likely that 
power plants as low as 120 lb per hp at 
the rail may be feasible. 


So 


\ 


In estimating indicated horsepower, 
the efficiency of transmission must be 
considered. With motorized units, it 
may vary from 0.75 to 0.8 and for 


Speed, Miles per Hour 


Time ,Seconds 


a> 
So 


er Sec 


steam locomotives the ratio of draw- 
bar horsepower to indicated horse- 
power may be taken around 0.8. 


Braking - 


Let W: = weight of train in tons 
Wi = weight of locomotive in tons 
Wp = weight of tender in tons 
We = Wi + Wo = weight of 


a power plant in tons 


ab E 
so that 


H (at rail). 


Fic. 4 
Wp/Wt = ratio of tender 
weight to locomotive weight 


weight efficiency in lb per hp, H x) 


« 


The horsepower per ton for the train including locomotive and 
tender is 
2000 
Wit+We 


E ( ton) 


* 2000 
+ k)H (ton) 


Expressed in terms of the power plant, i.e., for locomotive plus 


El 
in 
we 
of 
In the case of the Diesel power plant k = 0. 

In order to survey the power requirements, Table 1 has 
been prepared. It is based on 4 hp per ton, which exceeds 
present steam performance by 33 per cent. Light-weight 
equipment is based on 30-ton and 35-ton loaded cars and heavy 
equipment on 70- and 85-ton cars. The horsepowers listed are 
the required horsepowers at the rail. 

Table 1 and Fig. 5 are based on 4 hp per ton. Similar tables 
can be constructed for other performances. Heavy-weight 
trains in general require less horsepower per ton than light trains 
for attaining the same top speeds. Moreover, even with light- 
@ weight equipment but with longer trains, due to the decreased air 
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DISTANCE-SPEED CHARACTERISTICS OF CONSTANT-HORSEPOWER TRAIN 
(Numbers on curves refer to values of constant horsepower per ton of total weight.) 


resistance per ton, less horsepower per ton is required for sus- 
tained high speeds. But with acceleration, etc., the average 
performance is more nearly comparable with the same horsepower 
per ton. 

Fig. 5 shows the weight and horsepower characteristics plotted 
against train weight for a high performance of 4 hp per ton. 
With steam locomotives, EZ is the locomotive weight efficiency in 
pounds per horsepower for the locomotive alone and k is the 
ratio of tender weight to locomotive weight, so that the combined 
weight efficiency of the locomotive and tender is E(1 + k). With 
Diesel locomotives k = 0. In the case of motorized units 
E(1 +k) = E, since k = 0, and the power plant is considered to 
include engine and generator with auxiliaries together with mo- 
tors on trucks. The total weight of the power plant of the 
Zephyr on the basis stated is approximately 55,000 Ib, and with, 
roughly, from 480 to 500 hp at the rail, its weight efficiency E is 
110 lb per hp, approximately. The train weighs, excluding the 
power plant, normally loaded, roughly, 30 tons per car. 

From Fig. 5 will be noted the considerable reduction in horse- 
power for a 10-car light train at 210 tons compared with a simi- 
lar heavy-weight train at 850 tons for any weight efficiency of 
power plant considered. 

Due to the varying horsepower characteristics of steam loco- 
motives against speed, the rated or normal maximum horsepower 
of steam locomotives must be increased to obtain a performance 
equivalent to the more nearly constant-horsepower performance 
of Diesel-electric power units. 

From Table 1 and Fig. 5 the following features are of interest: 

(1) The gain in the refinement of power-plant design in 
improved weight efficiencies is of small importance compared 
with the gain in the reduction of the horsepower capacity by 
the use of light-weight trains. 

(2) Irrespective of power plant, whether motorized or loco- 
motive haulage, the required horsepower of the plant for a given 
performance is practically directly proportional to the train 
weight. 

(3) If the horsepower capacity of self-contained motorized 
units is limited to approximately 1200 hp at the rail, the field 
of motorized trains increases with light-weight equipment. 
Thus, with 30- to 35-ton cars, 6- to 8-car trains can be used. 


With heavy equipment motorized trains are practically excluded. 
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TABLE 1 en SERVICE PERFORMANCE 
Special steam or 


: Motorized Diesel locomotive Steam locomotive 
-—Weight efficiency of plant, lb per hp— 
110 140 175 


No. of Horsepower Horsepower Horsepower 
cars Wp at rail We at rail We at rail 
4 hp per ton—30-ton cars—light 
8 25.4 462 35.0 500 48.2 550 
6 51.0 930 70.0 1000 96.4 1100 
8 67.5 1225 93.2 1330 129.0 1470 
10 84.5 1535 117.0 1680 161.0 1730 
4 hp per ton—35-ton cars—light 
3 29.6 538 40.6 580 56.5 645 
6 59.2 1075 81.2 1160 113.0 1290 
8 79.0 1435 108.0 1550 151.0 1725 
10 98.8 1795 136.0 1950 188.0 2150 
: 4 hp per ton—70-ton cars—heavy 
3 59.2 1076 81.5 1170 113 1290 
6 118.4 2150 163.0 2330 226 2500 
a) 158.0 2870 218.0 2980 302 3450 
10 197.6 3590 272.0 3880 376 4300 
4 hp per ton—85-ton cars—heavy 
3 71.8 1310 98.6 1410 137 1570 
6 143.6 2620 197.0 2820 274 3140 
8 191.0 3470 263.0 3760 364 4160 
10 240.0 4360 329.0 4700 455 5200 
700 
‘ 
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Weight of Train , Tons 


Fic. 6 CHARACTERISTICS OF CONSTANT- 
Horsepower TRAIN 


(Performance for 4 np ner per ton of total weight. Total weight equals weight 
train plus weight of power plant.) 


BRAKING CHARACTERISTICS 


The braking of high-speed motorized trains presents a com- 
plicated problem. On the Zephyr each truck has individual 
brake cylinders. The brakes were designed for uniform braking 
throughout. Approximately 45 per cent of the entire braking 
of the train is effected on the leading motor truck. For maxi- 
mum braking capacity and for the elimination of otherwise 
heavy pedestal loading, clasp brakes are used on all wheels. 
In addition, a retardation pendulum control is used which fixes 
the maximum retardation at 3.5 mph per sec, or any other 
setting, and thus prevents wheel slippage at the rail in stopping. 

Essentially, the braking capacity is limited by the friction 
force at the rail, which, in turn, depends upon the coefficient of 


friction of the rail and the weight transfer, particularly under 
conditions of maximum retardation at the stop. 

The forces on a wheel are shown in Fig. 6. The horizontal 
thrust H: exerted by the pedestal on the journal bearing due to 
the inertia of the car is resisted by the tangential friction force 
F at the rail (neglecting the translation inertia of the wheels 
and axles). The rail-friction-force F is induced by the brake- 
shoe friction-couple »sBR which, neglecting the rotational 
inertia of the wheels, is just balanced by FR. Therefore, the 
retarding force F = ysB, where us is the coefficient of friction 
of the brake shoe and B the brake-shoe thrust. 

It is convenient to consider F in terms of an equivalent coeffi- 
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Fie. 6 EquivaLent Ratt CorFFICIENTS IN BRAKING 


(F s uRWpd Ss 0.3Wop; F = wsB (approx.); B = [per cent of braking] X 
100 X N; us X ZWod <, uRWD; ws X % S wR; we = equivalent rail 
coefficient; we N = 


F = Bus; we = B/Nus = % us; w S BR.) 


cient of rail friction », and the load at the rail N = Wp = axle 
load at the rail. Then F = u,.N oruneWo. Since 
= F = »B, then Me = usB/N 


= wB/Wod 


The ratio B/N is the braking ratio or braking power, i.e., 


B __ total brake-shoe thrust 
N rail-axle load 


= per cent of braking power 


Evidently F is limited by the limiting friction at the rail, i.e., 
F = urN, where ur is the maximum coefficient of rail friction. 
Therefore, F = ueN < urN or we < ur to prevent slippage of 
the wheels at the rail. It is important to note that with the ad- 
vent of weight transfer in braking, N is reduced over the static 
load at the rail, thereby reducing Fmax, the available retarding 
force at the rail. 

It is well known that with sliding friction the coefficient of 
friction is reduced, decreasing with higher relative velocities. 
On the basis of experimental data with cast-iron brake shoes on 
steel wheels by Galton and Wichert, the coefficient of friction 
against speed translated into miles per hour is a amy 


(: + 0.01395 4 
MONT 0.07464 V 
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The formula is at best a rough approximation. Brake-shoe 
friction coefficients are much affected by temperature and pres- 
sure. Increased friction coefficients are obtained with lower 
temperature and pressure. Clasp brakes inherently run cooler. 
The variation of u. against speed V in miles per hour is plotted 
in Fig. 6. 

Now since F = yu,N, where ue = wsB/N = per cent of us it is of 
interest to plot the equivalent coefficient of rail friction for 
various braking ratios B/N. It is evident that ue = % us can- 
not exceed ur at the rail without slippage, so that when % we 
equals ur occurs at a lower speed in the retardation, the braking 
ratio must be decreased, i.e., the per cent of braking = en = 

Me Me 
Thus with 200 per cent of braking, ie., B/N = 2.0, braking 
release must occur at 23 mph. The reduction in braking ratios 
for the lower speeds is also shown in Fig. 6. 

Two factors are of importance: (1) At the higher speeds, 
it is probable that the limiting rail coefficient of friction is re- 
duced by vibration, rail joints, etc., and (2) the actual limit of 
friction force is reduced by weight transfer at the lower speeds. 
On the basis of a limit at the rail ue = 0.2 at 100 mph, the 
dotted limiting line was drawn in. At all events, it appears 
that braking ratios exceeding 250 per cent at very high speeds 
are questionable without the possibility of incipient wheel 
slippage at the rail. 

Moreover, braking ratios are limited by brake-shoe pressures 
which should not exceed from 20,000 to 25,000 lb. This is 
another advantage of clasp brakes with high braking ratios, 
which permit 200 per cent of braking for axle loadings up to 
40,000 to 50,000 Ib. 

With light-weight equipment, not only are higher braking ra- 
tios possible but also higher shoe pressures, due to the shorter 
time of the stop and the inherent reduced kinetic energy. Thus 
the heat dissipated is reduced with resulting higher friction coeffi- 
cients. 


WEIGHT TRANSFER 


- The subject of weight transfer is relatively simple. If a 
horizontal center-pin thrust H; is exerted on the truck (the 
reaction of which retards the car body itself) and since the 
braking causes a total retarding force F at the wheel base which 
must exceed H; by the local inertia force of the truck, there 
exists a couple H:h (h being the height of center pin above the 
rail) together with an additional small couple due to the in- 
ertia of the truck, which tends to increase the loads on the front 
wheels and decrease the loads on the rear wheels by an equal 
amount. Moreover, an additional change in loading takes place 
because of the decreased vertical loading at the center pin for 
trailing trucks and an increased loading for forward trucks due 
to the inertia couple of the car body itself. This latter, however, 
is relatively small because of the length between center pins and 
is practically eliminated with articulated constructions. 

The following equation gives the weight transfer loading per 
axle. Let 


total weight of car body, 
height of center of gravity of W- above center pins 
length of car body between center pins 

static load on center pin 

weight of truck with center of gravity at height d 
above rail 

change in loading on center pin in braking 

length of wheelbase 


CIE * MECHANICAL ENGINEERS 


polar moment of inertia of wheels 


polar moment of inertia of motor, if any =” als 


= 


os 
= horizontal reaction at center pin 


= height of center pin above rail. 


Then for the rear truck, assuming equal braking per truck 


Whe Ww 


AV d = — £ x. 
#; and H: (approx.) 


The changes in axle rail loads are 


Hih wd 2 (Wok w? Waka*r?) 
AN = = 


In a first approximation the last two terms can be omitted and 
with articulations the last term is practically eliminated. 
Table 2 shows the change in axle rail loads for different re- 


TABLE 2 
Truck 1 


WEIGHT TRANSFER 


Truck 2 Truck 3 Truck 4 
Articulation 
reactions, 


18,550 17,481 17,430 13,052 


36,031 30,482 


14,218 13,343 
Rail axle loads, pounds 
25,125 25,125 21,912 21,912 
26,200 23,758 22,969 20,849 
26,696 23,126 23,458 20,358 
27,257 22407 24,021 19,791 K 
55,231 43,009 27,781 21,737 24,551 19,261 15,207 
A is the acceleration in miles per hour per second. 


Norte: 


tardation rates. At 5 mph per sec the change in loading on the 
rear axle of the rear truck is nearly 13 per cent. In general, low 
center pins result in small weight transfer. Such was considered 
in the Zephyr. 


3—TRUCKS 


The trucks of high-speed light-weight trains require special 
consideration. For safety at high speeds and for riding comfort 
with light-weight equipment, it is essential to have considerable 
flexibility in the spring system, though consistent with sufficient 
stability for roll. Therefore, in the preliminary design of trucks, 
ample space and clearances must be provided for with flexible 
spring systems. Nosing or angular-vibration periods are very 
much affected by angular play in the truck. With the fixed 
lateral play, flange play, pedestal play, etc., the angular plays are 
considerably increased with short-wheelbase trucks, resulting in 
long periods or low-frequency angular vibrations, and the fre- 
quency of such vibrations becomes dependent to a great extent 
on the initial lateral-velocity disturbances set up by poor track, 
undulations, etc. Such velocity disturbances may result in 
severe lateral impact loadings. Moreover, particularly with 
motor trucks, self-induced vibrations are set up by the frictional 
forces at the wheelbase, resulting in larger amplitudes and lateral 
reactions with augmented angular plays. For these reasons it is 
highly desirable to use long-wheelbase trucks. Such wheelbases 
in no way interfere with tracking on curves and in fact are advan- 
tageous on spiral approaches. In the Zephyr a long wheelbase of 
eight feet was used on all trucks. 

With high-speed trucks, wheel diameters should be limited ap- 
proximately by the relation P = 600 d, where d is the wheel diame- 


g 
‘ 
4.4 
fe 
tatic load, 
plate, Ib. 5 
Truck 
weight, 
5 
Stati 3,835 
A= 3,122 
A= 2,794 
4 2,418 
1 2,071 
= 
= 
r = = 
hk = 
= 


ter and P is the maximum wheel load in pounds. An extreme 
limit for the carrying capacity of a wheel is P = 700 d. 


In the design of the frame of a truck, low center-pin heights are 
desirable to reduce the weight transfer in braking and traction, 
as well as to lower the train height and to maintain reasonable 
heights of center of gravity of the car body above the center pins. 

With swing bolsters, long hangers should be provided, and these 
result in low-frequency lateral and angular oscillations and, more- 
over, are effective in reducing lateral impacts transmitted to the 
car body. 

It is highly desirable to maintain ample flexibility in coil springs 
with damping, in order to reduce rail impact soundings. While 
it is admitted all trucks are more or less non-equalized, the diffi- 
culty with so-called “non-equalized” trucks is the meeting of 
sufficient spring flexibility over the box and at the same time 
having sufficient load capacity. With equalized trucks, by 
means of equalizer beams, the variation in spring deflections due 
to rise and fall in the box is reduced, and the variation in loading 
is thereby reduced. For inside frame trucks with boxes inside 
wheel fits, rolling oscillations cause large changes in spring 
loading and the lateral stability is reduced. 

For high-speed service equalized outside boxes with equalizer 
bars together with large flexibility in the spring system were used 
in the Zephyr. 


AXLES 


No element in a train is of greater importance than the axles. 
Axles are subject to two types of loading. The first type is the 
normal loading, with approximately equal loads at journals and 
a lowance for vertical oscillations. Such loadings result in an 
approximately constant bending moment between wheels, so 
that a complete reversal of stress takes place every revolution. 
Moreover, this loading condition is the average fatigue condition 
for reversal of stress. The working stress, therefore, should be 
consistent with the endurance limit of the axle steel. Ordinary 
carbon-steel axles have a tensile strength of approximately 


75,000 lb per sq in., which gives a conservative endurance limit — 


around 25,000 lb per sq in. An allowance of a stress-concentra- 
tion factor of at least 2 should be made even with generous fillets. 
Moreover, at the press fit of the hub, an apparent reduction in 
fatigue strength should be provided for. Thus a maximum work- 
ing stress of 8000 to 10,000 Ib per sq in. would appear the limit to 
provide for such conditions. The second loading condition is 
dependent on extreme lateral loads, which give maximum stress 
conditions in the axle but not average conditions for fatigue. 
The following simplification of the Reuleaux method is convenient 
for estimating the strength of ordinary journal axles. 
Referring to Fig. 7a, let 


W = total rail axle load 
_ Wy, = weight per axle of car body and truck parts above jour- 
nals 
Wa = weight of axle assembly, wheels, axle, etc. 
Wa = weight of wheel 
H, = kW, = lateral force per axle for car body and truck parts 
above journals 
h, = height of center of gravity of car body and truck parts 
| above the journals measured from center of axle rind 
h = corresponding height of aboverail=hi+ro 
r = radius of wheel reeeeniey 
L = distance between journal-bearing centers aT 
: G = distance between wheel rail reactions = 59 in. tinod 
f Then, for the journal loads P; and P; 
te 


fp 


and for the w heel reactions at the rail, 
Ww Hyh + Hr. W H,h + Hr 
G 


where W = W, + WaandH = H, + H; = lateral reaction at rail. 
The bending-moment equation from journal center to rail center 
is P,x and from rail center to the inside part of the axle, i.e., be- 
tween wheel hubs, is : 


[Mi Wa | E — = 


where z is measured from the center of the journal bearing. 
In this method k is usually taken at 0.4, so that H, = 0.4W;, 
H, = 0.4W,, and H = 0.4W. 
The critically stressed section is at the inside of the wheel hub 
so that with ordinary car axles in which the distance between hubs 
is 531/,in., and the rail pressures are at 59 in., we have 


= 0.5L — 26.63 (in.) 


and z — 0.5(L — G) = 2.88 in. 


The stress at this section for the Zephyr was limited to 18,000 
lb per sq in. 
Moror AXLES 
In Fig. 7b let 


I, = nose or suspension reaction of the motor on the truck 


frame 

d. = horizontal distance from axle center to nose ‘Suspension 

R = wheel radius OO 

rp = radius of pinion to pitch circle 

r, = radius of pitch circle of gear 

r = = gear ratio 
W, = total motor weight including housing, gears, etc., with 

baa" qWm suspended on axle and (1 — q)Wm on nose suspen- 


sion. 


Then, if ® is the motor torque and F the total traction force at the 
rail per axle 


F = @r/R; L, = FR/do = (1 QWm = &r/do = (1 — Q)Wm 


WeiGut TRANSFER AND CHANGE IN LOADINGS ON JOURNALS 


In Fig. 7b let h be the height of center pin above rail, and h — R 
the height above journal centers. If 6 is the length of the wheel- 
base, these will be reacting on the frame of the truck couples 
L,(b — 2do) and H(h — R), which cause a change in loz ading on 
journals, as follows: 


AV 


and since H = 2F 


do b b p 


(b — 2do) — 2(h — 
These augment the load on the leading journals and decrease the 
loads on the rear journals. Approximately, the two terms in the 
brackets cancel, so that the changes in journal and spring loads 
are practically negligible. 

Considering the assembly of wheels, axles, and motor alone, and 


noting that the motor weights are included in the static weight 
at the tos ads heel esoma dol 
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> 
Moror REACTIONS ON AXLE 


The motor reactions on the axle consist of the bearing reactions 
of the motor frame and the gear reaction, i.e., the armature- 
pinion reaction on the gear. Assume that the mutual reaction P 
between pinion and gear makes an angle of 20 deg, approxi- 
mately, with respect to the tangent at the pitch-circle contact of 
pinion and gear. 

If 6 is the inclination of motor and axle center lines with the 
horizontal, then, considering the pinion, motor, and motor hous- 
ing, the reactions on this system consist of the reactions of the 
axle at the journal bearings, the reaction of the gear on the 
pinion, and the nose reaction, together with the weights of these 
over-all loadings on the total truck. parts, Wm, approximately. 
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| 
FR 
AN = AV—L 
AN = In— Al 
which agrees wi 


The reaction P between pinion and gear is 


FR bY 
rg cos 20 


Tp cos 20 


> = 


T, cos 20 


The horizontal reactions on the motor bearings are 


and the vertical components on the motor bearings are 


a a 


p? = — 
- 7 008 (@ + 20) + Li (= ‘) + Wn ‘) 
a a 


where the plus and minus signs correspond to leading and trailing 
motor axles, respectively. 

These reactions reversed are the reactions exerted by the motor 
housing and gear on the axle. 

Finally, we have to consider the torsion moment, 0.5FR = 
0.56. 

In the previous analysis the maximum motor torque and wheel 
traction per axle F is limited by the adhesion of the wheel, so that 


b 
) six (0 + 20); H, = P- sin (0 * 20) 
a 


V2 


Brake Loaps 


_ During the application of single-shoe brakes an unbalanced 
thrust is exerted at the shoe B = % X 100W where % is the per 
cent of braking power. This causes a horizontal bending mo- 
ment between the hubs B(Z — G)/2 in pounds, plus a small 
additional moment due to the wheel traction in braking. With 
clasp brakes, except for the latter, practically no braking stresses 
are imposed on the axle. This is one advantage of the clasp 
brakes. 


CoMPoOUNDING BENDING-MoMENT DIAGRAMS 


a _ In general, the bending moment due to motor reactions is small 
compared with the loadings corresponding to the Reuleaux 
method. Moreover, the motor torque decreases at high speeds. 
Braking bending-moment diagrams occur in a horizontal plane 
and compound at right angles with the vertical bending moment 
by the Reuleaux method. It is questionable whether the two 
extreme loadings will occur at the same time. 

For the reasons given, braking and motor reactions are usually 
neglected in the Reuleaux method. On the other hand, motor 
axles are subjected to considerable impact or vibratory loadings 
resulting from the deadweights of the motor suspension, and for 
this reason lower stresses should be used, both for the normal 
‘oadings and the Reuleaux method. 


oe _ With light-weight equipment an over-all flexible-spring system 
is necessary: (1) It provides safety at the rail in high-speed 
service, (2) it takes care of the larger variation for heavy and light 
loading, and (3) it gives necessary riding comfort. But such 
spring flexibility should be designed with the limitation of pre- 
venting excessive roll. 

From the point of view of safety at the rail, consider such a 
mass as the car body suspended on an equivalent spring of the 
same over-all deflection as the actual truck-springsystem. With 
spring constant C, for the bolster elliptic springs and C. for the 
coil springs, then for a static load W the deflection is 5, = W/2C, 


and & = W/4C., so that the total deflection - ie: 


SPRING SUSPENSION 


RAILROADS 


= 
= —Ca(ly — 


2C0.+C 


40,0. (approx.) 


W = 5. = 
and Cz = W/ 


where Cz is the equivalent spring constant. 
mode of vertical vibration is given by 


Then the principal 


where M = W/g 
yo = some periodic undulation disturbance at the rail, 
such as rail joints, ete. 


300 


30 2g 
\ 


\ 


| 


Frequency of Vibrations 
° 


7 


( pér Minute) 


oO 2 4 6 8 10 
: Total Spring Compression, Inches 
Fig. 8 


Assuming 
= A sin pt 
Mg =CzAsin pt . 
from which 
CgA sin pt C2A sin pt : 
y= (Cz p*M) 3 (below the natural period) 
A 
y= (at the higher speeds abovethe natural 


where the natural period we = = E =*N/30 ~~ 
M 
and N = the number of vibrations per minute. 
Therefore, maintaining the frequency low as with large flexi- 
bility, the amplitudes of vibration become greatly reduced at a 
high speeds. The change in rail pressure is 


A sin pt 


p? we? 


ae 
which is likewise reduced by keeping we = ¥2 low. 7 


Fig. 8 shows the frequency N in vibrations per minute plotted _ 
against static spring deflection. An inspection of this plot shows _ 
that with over-all deflections of from 8 to 9 in., low frequencies of > 
from 66 to 63 oscillations per minute are obtained; and with 
deflections at one-half these values as with light loads, the fre- 
quencies are approximately 90 per minute. Thus, by maintain- 
ing very flexible spring systems, changes of loading such as occur 
in light-weight equipment still maintain good riding even with 
light loads. 7 

The same statements apply to angular vibrations. 


EN = — = — 


LATERAL AND ANGULAR OSCILLATION OF Car Bopy WITH 
ComBINED ACTION OF Swina LINKs AND SPRING SysTEM 


While a car body has many degrees of freedom, the following is 
of interest in approximating the lower principle modes of vibra- om : 
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tion due to the interaction of the swing hangers with the spring 
system. 

Assume a restoring moment ® to be transmitted through the 
spring system. Neglecting the local inertias in the truck parts, 
then if Cp is the spring constant of the bolster elliptic springs, 
i.e., its load-deflection rate, and assuming the centers to be 
spaced laterally a distance a, the restoring moment is ® 
4 C,a%d, where ¢; is the relative angular deflection. If C. is the 
spring constant for the coiled springs spaced laterally a distance 
L, then ® = C.L*¢,. Then that part of the angular deflection 
of the bolster due to the springs alone is 

+ CL? 


Cy = |. 


a*L? 
2C-L? + 


2 
$=tith= o( 2, 


and since 


Cy = 


Now the lateral restraint of the swing links due to vertical loading 
only is given approximately by 


Q= y + do 
VP—(yt+ 
= center-pin load 


length of hangers 
= initial outward displacement at bottom of links. 


y — do 


— (approx. ) 


doutie 


| 
so that Cy = W/l. 


Due to the swing of the hangers, the spring plank is raised, 
counteracting the roll on the springs. For small displacements 
9 
from the neutral position, it “angles” by the amount = 
where B is the outward angle of the initial spread of the hangers 
and a is the distance between spring centers. Due to rail de- 
pressions, the axles tilt by an angle @) which is frequently of a 
periodic nature. There is also lateral play yo in the truck and at 
the flanges. Therefore, the relative angular displacement of the 
bolster in terms of the spring compression ¢ and the counter roll 
= K(y — yo) is VE 


6 = ¢— K(y — yo) 


B 
where K = 


salt 

=(0+Ky)—(o+Ky) 

If h is the height of the center of gravity above the bolster, 


M the mass of car body per truck, and J, = polar moment of 
inertia about center of gravity, then the kinetic energy is 


T = + hd)? + 


and the compression in the spring system is 


shel digi 


V + Col@ + Ky) — (60 + Kyo) ]* + Mgh cos 0 
so that the equations of oscillation are 


and the potential energy is 
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Assuming 0 = A sin pt for period depressions in the track, and 
neglecting lateral play, and with ] = J, + Mh? for the moment of 
inertia of the car body about the bolster, then 
+ hd) + (Cy + CyK*)y + = 0 
16 + Mhy + (Cy — Mgh)@ + CyKy = CgA sin pt... [16] 


If we neglect the angling of the bolster because it is small com- 
pared with the spring system, then the amplitudes of vibration 


(Cy — w*M)C4A 
[Cy — w*M ]{(Cg — Mgh) — wl] — w*M*h? 


wMhCgA 
[Cy— ][(Cg — Mgh) — — wtM2h? 


Conditions of large vibrations occur at the natural frequencies, 
i.e., when 


[Cy — w*M }[(Cg — Mgh) — wJ] — wtM*h? = 0 


For high-speed service, it is important that such frequencies 
should be of low order. For the Zephyr (neglecting Mgh) the 
natural frequencies were found to be 79.5 and 170 oscillations per 
minute, the upper period being effectively damped. 

Such frequencies are materially affected by both lateral and 
angular plays. In general, they are spread over a longer range 
and the periods are lengthened. They depend greatly on the 
initial lateral or angular disturbance. With high initial velocities 
the periods are shortened or the frequencies are raised, the spread 
in range is reduced, and they approach the natural frequencies 
with no plays. 

In general, the frequencies are lowered by long swing links and 
flexible-spring systems, and in this way serious lateral and angular 
motion will not occur in the operating speeds. While damping is 
effected in the plate springs, it is very important also to have 
effective damping in the coiled springs. In this manner, periodic 
disturbances agreeing with the natural frequencies are effectively 
damped and reduce both lateral and angular vibrations. Such 
damping in the coiled springs should be relatively small to prevent 
impacts from being transmitted to the car body. Also, with 
damping in the coiled springs the ratio of deflections should be in- 
creased. 


Reactions IN LATERAL AND ANGULAR SWING FOR BOLSTER AND 
SprinG System 


In Fig. 9, assume a couple @ due to the reaction of the side 
_ bearers, and a lateral force H, with center-pin loading W applied 
at the center pin of the bolster. From Fig. 9 the loads at the 
elliptical spring seats of the hangers are 


et 

tue im 

where a is the lateral spread of the plate spring centers, and h, is 

_ the mean height from spring seats to center pin. If S, and S; 
are the tensions in the swing links, then an to. 


S, cosy, = P; 


and S, sin y, = etc. 


bine 


yon: 
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(Ig + Mh?) 6 + Mhy = —Cy [((0+ Ky) —(00+ Kyo)) 
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then 

Nope 

| 
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— 

— 


oud 

nd 


where 
yy = 
i VP — (do + y)? 
(do — y)? ‘ 
dy = the outward initial lateral displacements 


l = length of hangers. 
Therefore, neglecting (do + y)*? as small compared With /*, we 


have 
H 


For the angular displacements of the springs 


= (for the coil springs) 


_ Wy 


+ + [17] 


® hy’ 
se a (for the elliptic springs) 
1 


where hz is the height of the center pin above the axle and h,’ is the 
height of the center pin to the clip centers of the plate springs. 
If Cp is the spring constant of elliptic springs spaced laterally a, 
and if Ce et constant of the coiled spring spaced maneny 
and the total angular deflection ¢’ for the spring system is 


= C, C, C, C, 


Equations [17] and [18] can be written 
¢=Cé+ DH 


aW’ aj 


C, 


From [19], @ and H are linear functions of the lateral and angular 
deflections, i.e. 
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or 


Py+Q¢e and H = + Gy....[20) 


Now the angular displacement of the bolster is @ = ¢ — Ky, | 
Yo = the initial angle of the swing links. ~~ Aas 


Hence 
= (P + QK)y + Qe 


If h is the height of the center of gravity of the car body above _ 
the center pin, and M is that part of its mass corresponding 
to the weight on the center pin, then, neglecting the interaction of 7 
the other center pin, or with symmetrical trucks for the primary _ 

modes of oscillation, the equations of motion are ao 


if we neglect the secondary mass of truck. If J, isthe polarmo- __ 
ment of inertia of the car body and J = J, + Mh?,theequations 
of oscillation are mums Wa 


+ (Q — Mgh)@ + Mhg + (P + QK)y = 0 


which gives a closer approximation for the two natural frequencies bo, “ae 
than in the previous analysis. 


4—PHYSICAL PROPERTIES OF STAINLESS STEELS 


The stainless steel used in the construction of the Zephyr is of 
the low-carbon chromium-nickel type. This steel is commonly — 
known in the trade as 18-8. In the annealed state, the physical _ 
properties are roughly, ultimate strength, 85,000 lb per sq in., — 
yield point, 40,000 lb per sq in., and elongation in 2 in., 65 percent. | 
This metal can be cold rolled to produce high tensile strength, 
but unlike most metals, a large portion of the ductility is retained. _ 
Tensile strengths as high as 150,000 Ib per sq in. are obtainable 
with an elongation in 2 in. as high as 20 percent. In light gages 
0.010 in. thick, tensile strengths as high as 185,000 lb per sq in. 
may be obtained with adequate ductility. = 

Another important characteristic of this steel is that its most _ 
ductile condition is produced by rapid cooling from high tempera- _ 
tures. The value of this characteristic in welding becomes ap- 
parent at once when it is considered that after cooling from the 
necessary fusion temperature an extremely ductile weld results. 

Welds are regularly made which will not show a fracture under a 
shearing strain of 90 deg in torsion. - 

The early attempts at welding this metal resulted in difficulties _ 
due to the fact that certain metallurgical changes resulting in 7 
lowered corrosion resistance take place when the steel is heated to _ 
the range of temperatures 900 to 1500 F. The magnitude ofthe 
effect of these metallurgical changes is a function of time and 7 
temperature. It is obvious that during welding, certain zones —— 
near the fused portion of the weld must pass through this tem- _ 
perature range at a retarded rate. 2 

The “shotweld”’ system, which was used in the construction of 
the Zephyr, is essentially a spot-welding process, but is so con- 
trolled as to give a minimum optimum-current control. More- q 
over, the time of current application is so short and so accurately 
controlled that the deleterious metallurgical changes mentioned _ 
do not take place. And further, in welding cold-rolled (high- 
tensile) stainless steel by the shotweld system, the extent of the 


= 
P; 
3 
Dy Bo 1¢—C 
AD—BC AD— BC annealed zones immediately surrounding the weld is held to® } 


ies os TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


minimum. The kilowatt capacity increases with the gage of the 
material. 

Obviously the shear strength of individual welds increases with 
the gage of the material and the size of the weld. With a thick- 
ness of 0.012 in., the minimum shear strength is approximately 
300 lb, increasing to 1200 lb with material 0.04 in. thick. The 
unit shear value of welds is greater than 70,000 lb per sq in. 

In the draw-rolling into sections, “spring back’’ is greatly re- 
duced by the use of relatively sharp bends and by proper roll 
design. Sections, therefore, consist of a series of flat sides 
bounded by bends of relatively small radii. 


Typicat Sections UsEpD 1n CoNnsTRUCTION 


For struts under column compression with shotweld gusset 
connections, and ordinary limiting compressive stresses around 
20,000 Ib per sq in., values of 1/p were not allowed to exceed 90. 
Somewhat lower values were used with maximum limiting com- 
pressive stresses of 25,000 lb per sq in. 

A very important problem in the construction has been the local 
stability from buckling of thin strips in compressive members and 
thin webs in girders and beams for transverse loadings. It may 
be shown that the allowable critical compressive stress in a rec- 
tangular plate supported on four sides, as in a longitudinal side 


strip of a compressive member, is 


12b?(1 — y?*) 
where m is an integer which corresponds to the number of waves 
in which the plates divide in buckling and is so chosen that k 
is a minimum, a the length, and b the width of rectangle under 
compressive loading. For long strips, k = 4 is a good approxi- 
mation, and with » = 0.3, then 


for =k 


in which » = Poisson’s ratio 


108,500,000 
b2/h? 


width of strip 
- = = flat-pitch ratio. 
h thickness of plate 


It is of considerable interest to note that complete experimental 
verification has been made with over 150 tests of various sections 
by Col. E. J. W. Ragsdale and A. G. Dean, in a very compre- 
hensive study of this subject, which, however, indicates increasing 
edge stability due to more effective constraint. This effect is 
shown in Fig. 10. 

Fig. 10 shows critical design compressive stresses plotted 
against flat-pitch ratios. Obviously, fer should not exceed the 
proportional limit taken in the plot at 80,000 Ib per sq in., though 
at low values of b/h the ultimate strength has been demonstrated 
to approach very nearly the tensile strength of the material. For 
actual working stresses to allow for eccentricities and indeter- 
minate boundary conditions, a factor of 2 to 3 should be used on 
the critical compressive stress. Flat-pitch ratios not exceeding 
30 have been used with sections stressed to 25,000 to 30,000 Ib 
per sq in. working compressive loadings, though somewhat higher 
values can be used. 

In many cases, however, to maintain a low flat-pitch ratio 
with simple plane strips for the boundary of the section results in © 
low values for the least radius of gyration p with correspondingly 6 
too high values for 1/p for the column asa whole. To improve the 


section for the stability of the column requires, for maintaining 
low flat-pitch ratios, either a thickening of the plate or the 
addition of reinforcement strips. Central longitudinal corruga- 
tions are also found effective. 

Because of lack of continuity of longitudinal shear with the 
shotweld reinforcement strips, the individual moments of inertia 
of the laminated strips are added in estimating the equivalent 
thickness, so that 
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Critical Compression Stress, Lb per $q in. 


Fiat Pitch Ratio, b/h 
wat: 
Fie. 10 ReLatTion BETWEEN CRITICAL COMPRESSIVE STRESS AND 


Fuat-Pitca Ratios, STAINLESS STEEL 


where b 


width of plate Pe 
be 


= width of 


Reinforcement by central longitudinal corrugations is very effec- 
tive in lowering flat-pitch ratios. In fact, long corrugations 
appear sufficiently effective to cause failure due to element flat- 
pitch rather than composite pitch for the side. 

Weld spacing is taken at about 15 times the thickness of the 
minimum flange or strip, and at least 7 weld thicknesses from 
the edges of gussets. With flange strips around 15 times the 
minimum plate thickness in width, k is reduced to approximately 


0.5 due to the unsupported edge, so that 


Thus with b/h equal to 15, ample stability is obtained with any 
working stress. 


14,000,000 
b2/h? 


fe = 


TRANSVERSE LOADING OF BEAMS 


In the design of beams, the stability of the webs is of first im- 
portance because of the vertical and longitudinal shearing action. 
With vertical plate webs and assuming vertical stiffeners spaced 
a distance L apart, and with free depth d between flanges, then 
the critical shear stress is 


1 

2 
te 

7 

\ 

= 60,000 

40,000 
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where 

— 


d___ free depth of beam 


plate thickness 


and K has the following values for 


L/d K 
1.0 256 x 108 
12 217 x 10° 


L/d K L/d K L/d K 
14 197 X 10° 1.8 185 X 108 2.5 171 X 10° 
16 190 X 10° 2.0 180 x 108 3.0 166 X 10° 


Because of the conjugate nature of the shear in the webs when 
the stiffener spacing is less than d, L/d is replaced in the table by 
d/L. Inall cases the Zephyr beams have double webs. Limiting 
working stresses were maintained with a factor from 2 to 2.5 
of the critical shearing stress. 

With corrugated webs, both vertical and longitudinal corruga- 
tions have been used, the former being more common in the 
Zephyr construction in order to eliminate the use of vertical 
stiffeners. Longitudinal corrugated beams are substantially 
stronger than plane-web beams. In the applications of corru- 
gated beams, sample tests have always been made with from 
1.5 to 2 the normal loading condition. 


CoRRUGATED-Roor STRENGTH 


Over the baggage-door and step-well openings, the top and 
bottom chords must sustain the total shearing load together with 
secondary bending. The roof was reinforced with additional 
 earlines for stiffeners, together with an inside plate welded to the 

_ longitudinal corrugations, and this reinforcement extended back 

two to three panels on either side of the openings. It is evident 

that in order that the roof may act as an integral heavy girder 

_ spanning the opening, the vertical shearing loads must be trans- 

_ mitted by reinforced corrugated curved webs. 

It was estimated that the greater part of the shear transmitted 

by the corrugated curved web would be concentrated in an arc 

of 10 in. A test specimen was constructed as shown in Fig. 11. 
_ Vertical stiffeners assimilating the carlines were spaced 8'/; in., 
and the curvature with a 20-in. radius corresponded to that 
of the roof. The total maximum shear at the baggage-door 
_ opening is 16,000 lb, but this is divided between the roof and floor 
system. 

Test No. 1. The 0.035-in. curved sheet was omitted and only 
the longitudinal corrugations were used in the webs. With a 
; span of 51 in. loaded at the center, failure occurred at the flange 
welds at the center stiffener, corresponding to 750 lb (average) 
_ per weld, under a central loading of 27,000 Ib. No failure oc- 
_ curred due to shearing or straight bending, though stresses of 
_ 26,700 lb per sq in. shear and 88,900 Ib per sq in. bending were 
realized. The pulling out of the weld at the center stiffener was 
_ Jocal in nature and due to the concentrated loading. 

Test No.2. In test No. 2, the 0.035-in. inside curved liner sheet 

was included. The 0.013-in. corrugations were '/, in. deep, and 
_ the channel for top and bottom flanges was 0.05 by 2in. In this 
_ case failure occurred by pure bending under a load of 31,000 lb 

with a shear stress of 13,150 lb per sq in. and a bending stress 
which caused failure at 111,300 lb per sq in. No accordian ac- 
tion or failure in the webs was observed. 

Test No. 8. To assimilate drastic shear loading, the points of 
support were moved inward to a 17-in. total span and the struc- 
ture was centrally loaded. In this test the 0.035-in. curved sheets 
and the 0.022-in. corrugations !/, in. deep sustained a maximum 
load of 53,300 Ib. The failure was not due to shear but occurred 
at the connection of the end stiffener to the web, with 1650 lb 
per weld. The shear stress exceeded 19,500 lb per sq in. 

The shear in the roof is not likely to exceed 10,000 lb under 
the most drastic assumptions, so that ample strength was pro- 
vided by the use of 0.04-in. reinforcement sheets '/; in. deep, with 
0.022-in. corrugations. In material of the thinnest gage no 
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crimpling or shear failure has — observed. While much ex- 
perimental work has been done on special applications, the 
data at this time are not in form to express in mathematical 
formulas. 
Spot WELDING AND SHEAR STRENGTH OF WELDS 

Stainless steel of the 18-8 variety is normally a solid solution, 
that is the carbon, nickel, and chromium are dissolved in the iron. 
The maintenance of this condition is desirable for the prevention 


of corrosion and for increasing the resistance to fatigue. 

If the metal is heated to between 950 F and 1550 F and held in 
this temperature range, carbide precipitation occurs, resulting in — 
a change from a solid solution to an aggregate. The maximum © 
precipitation occurs around 1200 F. 

In the process of welding it is desirable that the heating and — 
cooling be effected very rapidly through this temperature zone. 
In ordinary welding processes where a large mass of metal 7 
affected in the fusion, the heating amd cooling would be effected 
sufficiently slowly to cause a considerable amount of this pre- ; 
cipitation. In the shotweld process the time element is suffi- 
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ciently short so that the fusion is localized at the weld, resulting 
in very rapid cooling and the prevention, to a great extent, of the 
carbide precipitation in the surrounding zones. 

From microscopic investigations of the weld-area static-shear 
failures, static-shear stresses are estimated at 70,000 lb per sq in. 
This is in accordance with the annealed cast condition at the 
weld and corresponding physical properties. In fabrication, 
however, control is adjusted in the shotweld process for welding 
material of the minimum gage, and the total shear stress per 
weld, which increases practically linearly with the gage of the 
material, is used in design. The static total shear per weld is 
approximately fx = 32,000 h, where h is the minimum gage of the 
material. 

Depending upon the type of loading and stress-concentration 
allowance for secondary torsional-shear stresses and local bending 
allowance for fatigue, various factors of safety are used with this 
value. 

With gussets subjected to secondary bending, torsional-shear 
stresses have been added to the straight-shear stresses. 
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Construction DETAILs 


Fig. 12 shows typical sections used in the Zephyr for posts, 
carlines, purlines, diagonals, the bottom chord or skid rail of the 
main side truss and the body panel, the belt rail and the body 
panel, and the roof or top rail and a portion of the corrugated 
roof. With heavy compression loads on the posts, the plate sta- 
bility is strengthened by channel reinforcements, thus reducing 
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Fie. 13 or STAINLESS-STEEL SECTIONS 
the flat-pitch ratio and augmenting the area of section. Such a 
reinforcement for a diagonal is also shown at the right. 

Fig. 13 shows typical sections of collision posts used in the mail 
compartments and (at the right) for the front of train. Such 
posts are effective also as bulkhead reinforcements, having high 
resistance to bending. At the lower left is shown the cross-sec- 


tion of the main articulated-end door post. This post is designed 
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for both longitudinal and lateral bending. At the bottom it con- 
nects with the articulated casting projections. A typical corner- 
post arrangement is shown at the right. 

Fig. 14 shows the general scheme of maintaining connections 
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Fig. 14 or StrucruraL CONNECTIONS AND TYPICAL WEB 


GIRDER 


without eccentric loadings. A post fits within a main longitu- 
dina] rail, and symmetrical connections to diagonals are shown. 
The flange arrangements give effective reinforcements to webs 
and increase their stability. At the bottom is shown a typical 
corrugated-web girder with vertical corrugations. 
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5—ANALYSIS OF LIGHT-WEIGHT-CAR CONSTRUCTION 


The use of stainless steel, which eliminates corrosion limita- 
tions, makes it possible to use thin-web beams designed to their 
stability strength. By the shotweld process, satisfactory con- 
nections of great lightness have been made. The stress-elonga- 
tion curves of stainless steel differ from those of ordinary steels 
in having no strict conerention at the yield point. The tensile 
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properties of stainless steel, an 18-8 chrome-nickel alloy with 
carbon around 0.10 per cent, depend essentially on the degree 
of cold work. The average stock used has a minimum tensile 
strength of 150,000 Ib per sq in., with minimum elongation of 
2-in. specimens of from 12 to 20 percent. The yield point, based 
on 0.1 per cent permanent set, approximates 120,000 Ib per sq 
in., while the true elastic or proportional limit may be taken at 
80,000 Ib per sq in. The shear strength of individual spot welds 
increases with the gage of the material and the size of the weld, 
: “ a minimum static-shear strength of 70,000 lb per sq in. at the 


welds. Endurance values from preliminary tests so far made 
indicate, for complete alternation of stress, a limit at 20 per cent 
of the static weld strength. 

When compared with ordinary carbon steels with tensile 
strength at 65,000 to 70,000 lb per sq in., it will be seen that this 


material has considerable stress capacity and that it possesses 
great opportunities of saving weight in connections as well. 


In the design of the Zephyr relatively low stresses have been 
maintained. With the lowest proportional limit at 80,000 lb per 
sq in., a factor of from 3.2 to 4 was used in all major members, 
i.e., with a limiting working stress not exceeding 25,000 lb per sq 
in., corresponding to 16,000 lb per sq in. in low-carbon steel con- 
structions. While the factor permits high-stress concentrations, 
secondary stresses have been estimated in all important mem- 
bers. Thus, with short members that have large moments of 
inertia, secondary bending moments have been estimated as well 
as the corresponding additional torsional-shear stresses in the 

gussets. 

_ Considerable attention has been given to the stiffness of the 

ear structure and to the ccrresponding stresses consistent with the 
' ~ deflection of the car as a whole and with local vibrations. 
7 Essentially, a car is a beam or bridge supported at the center 
_ pins and proportioned to carry the dead and live loads. But, 
‘differing from a bridge, it must sustain heavy lateral and rolling 
loads which impose torsion loadings, together with large com- 
pressive loads consistent with reasonable collision capacity. 
Further, a continuous truss does not exist because of side-door 
openings, and considerable redundancy is introduced by them and 
the window panels, 

In the conventional car, even with heavy center sills, the car 
body carries the greater part of the bending moment. With 
vertical panel posts between the windows, we have a very inde- 
terminate type of structure with high redundancy resulting in 
_ secondary bending stresses in the posts. The roof itself is not 
_ greatly considered as a structural member. 

In the structure of the Zephyr, the entire cross-section of the 
car is considered as a structural section, with compression in the 
_ roof as a top chord of the truss. Colonel Ragsdale aptly sug- 
gested that in relation to conventional car construction, the 
_ Zephyr was reminiscent of the transition from the old-time heavy- 
: keel construction of ships to the plate-keel type with compression 

resistance in the deck. 

In the Zephyr construction the shear loadings, which result in 
longitudinal shear forces that cause large secondary bending 
moments in panels between windows in conventional car con- 
_ struction, are carried in a more determinate way by diagonals in 
the truss. 

The main side frames of the Zephyr cars are essentially Pratt 
trusses, in which advantage is obtained from diagonal members in 
tension and vertical posts as short-column compression members. 
Considerable lateral strength has been effected by making panel 
posts a part of a continuous frame bent or ring, which includes 
heavy roof carlines and an integral cross frame below the floor. 
Continuation of the truss scheme has been maintained under the 

_ belt rail at the window openings and the redundancy above them 
has been taken into consideration. In the main-truss analysis, 
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only the roof rail and the floor rail have been considered for — 
bottom and top chord members, respectively. 

At door openings and step wells, generally, vertical shear load- _ 
ing has been combined with large bending moments to be trans- _ 
mitted by the upper and lower members. For such places, the 
roof itself was greatly reinforced as a heavy carrying beam and 
the reinforcement was extended to several panels either side of the 
opening. Deep longitudinal truss beams were inserted just in- — 
side of the steps and securely anchored to three panel points on | 
either side of the step well. ; 

A major problem in the design of the Zephyr is presented in the | 
articulated type of construction used. While articulation re- — 
duces the weight of a train by the elimination of a truck for every _ 
connection, it imposes structural difficulties in increased bending ~ 
moments and in the design of the end construction. Moreover, — 
without light-weight construction, the use of articulated cars — 
would be practically impossible structurally. The overhang © 
effect of an 85-ton Pullman, with over-all length of 81 ft and truck — 
centers of 56 ft, results in points of contraflexure between the — 
trucks, providing a cantilever-bridge suspension between the | 
points of contraflexure with an effective span reduced to 50 ft. | 
Even with this span, the center bending moment, assuming an ~ 
85-ton car with distributed load, reaches a bending moment as" 
high as 7,900,000 in-lb. If such a car were articulated at the 
ends, disregarding clearance difficulties, the bending moment for — 
the same loading would increase to 20,300,000 in-lb. For this 
reason, articulation depends upon the specified length of the car, 


and hence, for longer spans, on light-weight construction. > 


ARTICULATION CONSTRUCTION 


The center-pin reaction, consisting of a vertical component, a 
lateral component, and a longitudinal thrust or tension compo- 
nent, is transmitted by a mild-cast-steel structure to stainless- 
steel trussed end frames, which, in turn, support the main side 
frames of the car body. The end frame itself consists of two 
vertical posts extending to the roof and riveted to the casting 
and to the side frames by a diagonal frame construction. Two 
horizontal legs of the casting connect the two main center 
sills. 

While the end frames function mainly in carrying vertical loads 
from the casting to the side frames, they must also be designed 
for the unsymmetrical loading that results from lateral and rolling 
oscillations. In addition, the eccentricity of the center-pin 
bearings in a longitudinal direction with respect to the end frames 
throws considerable bending on the posts and a certain percentage 
is resisted by bending in the longitudinal sills. It is important 
to estimate the distribution of these moments. In the Zephyr 
more than 85 per cent of the center-pin-reaction bending moment 
is carried through the post and is resisted by a longitudinal re- 
action at the roof and the remainder is resisted by bending in the 
sills. With the New York Rapid Transit articulated train, a 
greater bending is resisted by the sills. 


PowER-PLANT SUPPORT 


The bed plate of the engine, generator, and auxiliaries is sup- 
ported by an all-welded box of cromansil construction, which in- 
cludes longitudinal girder supports for the engine and generator 
frames. The construction is shown diagrammatically in Fig. 15. 

A feature of the design is the balancing of the entire structure 
including engine and generator over the truck bolster. In fact, 
the cross-bolster frame of the front car was included as the cen- 
tral cross member in this construction. 

The main upward supporting forces acting on the stainless- 
steel side trusses react downward on the outer wings of the 
central cromansil cross member. The cross member was care- 
fully designed for the lateral bending moments. A small un- 
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balanced tipping reaction was taken by the side frames aft of the 
center pin. 

Evidently the central supporting reaction consisted of the up- 
ward center-pin reaction of the truck and the downward reaction 
of the side-truss supports or their corresponding shear forces, a 
net loading of 36,000 lb. The distributed and concentrated 
loadings are shown in the diagram. From the bending-moment 
and shear diagrams, the frame structure was subjected to a maxi- 
mum bending moment of 800,000 in-lb. The stiff girder sup- 
ports of the engine and generator foundation were effective in 
giving a section modulus that was adequate for resisting this 
moment. 


BENDING-MoMENT AND SHEAR D1AGRAMS FoR 
LoapIN@s 

A diagram of the front car is shown in Fig. 16 with the charac- 
teristic Pratt-truss diagonals. In the analysis special considera- 
tion was given to the redundant reactions at the mail- and bag- 
gage-door openings. Essentially, such openings must transmit 
the shear in the top and bottom chords which results in secondary 
bending stresses in these members. For this reason such open- 
ings were greatly reinforced and the entire roof was considered as 
the upper member. 

The main side truss may therefore be considered as three sepa- 
rate trusses, with the intermediate supporting reactions consist- 
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Fic. 16 SHEAR AND BENDING-MoMENT D1aGrams, Front Car 


ing of the reactions of the openings, which are essentially a 
bending-moment couple and shear reactions distributed at the 
top and bottom members. 

The bending moment in the front car with heavy baggage load- 
ing exceeded 5,000,000 in-lb. 

The second car has a similar frame construction, Fig. 17, with 
reinforcements at its baggage-door and step-well opening. Here 
again there are essentially three component trusses, separated by 


_ the openings, that have intermediate supporting reactions cor- 


responding to the reactions of the openings. At the rear, a spe- 
cial feature is the continuity of the diagonals below the belt rails 
at the window openings. The bending moment in this car also 
reaches a high value in excess of 5,000,000 in-lb. 

The last car, Fig. 18, shows how the continuous diagonal 
scheme was maintained at the numerous window openings. 
The car structure was considerably redundant because of the up- 
per members over the window openings. The step-well opening 
was subjected to considerable bending as shown in the bending- 
moment diagram. By the diagonal scheme used compression 
was maintained throughout the roof as a top chord. 


TypicaL ANALYSIS OF SIDE FRAMES 


As an example of the stress analysis for a side frame, the portion 
of the truss extending from the passenger-door opening of the 


openings, and simple statical considerations will show that it is 
redundant to three degrees. The applied loadings consist of the 
panel loadings and the overhang loads at the rear. The support- 
ing reaction of the center pin is distributed on two cross-bolster 
beams, with equal upward reactions of 10,240 lb, as shown at the 
end of the diagram in Fig. 19. The shear reaction from the step- 
well opening divides in the ratio of the moments of inertia‘ of the 
top and bottom chord members. 

The supporting reaction at the rear endi3 determined from the 
external forces on the entire car. The bending moment and shear 
of the step-well reaction and the equality of the horizontal 
forces at the step well require three equations, which, when com- 
bined with the loads in the 48 truss members, give a total of 51 
unknown quantities. On the other hand the 24 joints provide 
48 equations for solution. The structure is therefore, a three- 
fold redundant one, and the members with reactions Xe, X», and 
Xe were considered redundant. 

The loads in the members are expressed as linear equations in 
terms of the applied loadings and the redundant reactions. We 
have, then 


T oT 


T oT 
=- 
A 


— L=0 


L=0; =- 


rear car to the overhang at the rear beyond the rear truck has 


where the redundant members are included in the summations. P- 7 
been chosen.* The structure is made redundant by the window 


For supporting the floor structure and stiffening the structure 


as a whole, deep truss beams were used at panel points. Because 
of air-conditioning and electrical-wiring ducts and piping, the 


Cross-Bream TrussES 

3 While a more complete analysis requires consideration of the inter- 
action of the truss with the roof and floor system, in a first approxi- 
mation a pure truss action was considered with roof rail and skid rail 
as top and bottom chords. 
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Crass: 

: 20, 000 

— 


-1,265,390+ 53.16Xa 


- 357,575 


- 477608 


= 23,619; X,= 8,478 ; — 


11133 


+ 


19.55 Xa tlt 55%, + 16.48K,70 


~ 


ote aq) 


OVER HANG 


ar REAR 
~ 


central diagonal of the truss was frequently omitted. This im- 
oe local bending on the top and bottom chords. 


In a first 
approximation, the entire bending was considered as acting only 
in the top beam and pure truss action below it. 

For either symmetrical or unsymmetrical loading, the structure 

; is redundant to one degree. The reactions between the top beam 

and the truss (see Fig. 20) are 7, Rs, Rs, Ts, Ts, and 7s. Now 
_ the horizontal components of 7; and 7’; with the center horizontal 
-components 7's and 7’, are equivalent to simple axial loadings on 
- the top beam. For this reason, it is convenient to consider 
_ the truss as divided into a beam and a complete truss, the top 
chords of the latter taking the axial loadings of the beam, and 
the beam subjected only to bending due to the supporting forces 
and the vertical reactions between the truss and beam. 
On this basis, for symmetrical loadings R was selected as the 
redundant reaction between truss and beam. The loadings in 


oT 
; the truss members are of the form T = KR, so that Sp 7 rand 
therefore 


T oT L 
R =R 760.4R 


The center sills are spaced at distances of b = 31 in. and from 
_ the end supports a distance a = 37.5 in. The redundant sup- 
_ ports of the truss on the beam act at the sills and end supports. 
_ For the differential coefficient of the bending energy of the beam 
_ with a uniform loading of w lb per in. with end supporting reac- 
tions wl/2 — R and reactions R at the sills, where 1 = 2a + b, 

I = 0.2 in.‘ for the beam, we have 

3 2 

= + = + ab? 


= 395,260R — 14,755,000w = 


R = 37.3w 


per in. 


wf? 
T, 


ar per in. 


eye 


687 
Ty aw 
L Ox ; 
| 
ax 
we 
> 
%) 
| 
wf hw 
. 
iia 
+— ] — = 394,500 — 14,755,000w. ... . [25] 
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P The maximum bending moment occurs when the shear S = 0, i.e. Se i 
aM 


= 


7a 


== 15.7 in. 


Mimax = 246w in-lb 


Without a truss support the beam would be subjected to a bend- 
ing moment of 2800w in-lb. 

There are many cases in construction in which a beam is sup- 
ported by a truss of proportions similar to those of the Zephyr 
cross truss. Since Equation [24] added to Equation [25] has very 
little effect on [25], it may be concluded that the truss is equiva- 
lent to continuous-beam supports with no appreciable deflection 
and with a uniform loading of w lb per in. and with two interme- 
diate redundant supports spaced a distance a from the ends and 
b between each other. The reactions of thetrusssupport are 


+ 10a% + 6ab? + 4 
R= wa 
3a% + 2a? 


6—GENERAL END-TRUSS AN ALYSIS | 


Two conditions were investigated, one with symmetrical load- 
ing increased by an impact factor of 26 per cent, and one for un- 
symmetrical loading caused by the roll of the car. In the latter, 
a lateral loading equal to 0.4 of the weight on the truck bolster 
per articulation, applied at the center of gravity of the car body, 
results in an increased loading on the right main frame and a Ts a 

decreased loading on the left side frame, or vice versa. pe ; a Aue 


Therefore, in Fig. 21 ——s (4) 
0.4h 4 
Wer (a5 Woand (05—" ) Wo 


h being the height of the center of gravity of the car body above 

the center pin, We the load on the right frame, Wz the load on 

the left frame, and L the cross spacing of the main side frames. 

With a rigid roof, the roll may be taken also in part by the tor- * 

sional-shear reaction of the roof applied at the top of the end : = 

frame. This condition was investigated but was not considered oe = a 

important to the end-frame loading as in the assumption above. Fra, 21 

0.4Woh 


The roll is resisted by the side-bearing reaction Nz = where Vz is the elastic potential energy of the right frame corre- 


sponding to the loadin i i 

and Ni = Wo (: is the center-pin reaction. These give for 
The constraining bending moment of Mo of the short hori- 
zontal member or skid rail extending from the side frame to the 
center-pin casting, the compression in this member H, the re- 
actions G and Q on the post, and the redundant tension Y con- 
necting the two parts of the end truss between the posts were 
taken as the redundant reactions. If T is a typical tension mem- 
ber, and if bending is considered in the post and short horizontal 
member extending from the casting, then, for the right truss with 
loading Wr 


the unsymmetrical loadings on the end truss and casting. 
It was necessary to consider the lateral bending in the vertical 
posts and secondary bending in the horizontal short member a 
extending from the casting to the end frames, since the bending in 
this member and the torsion in the gusset were important. For 
_ the entire end frames, including both sides of the post, there are 
nine redundant reactions. Considerable simplification, however, 
was effected in the following manner. On either side of the end- 
door opening is a structure with five redundant reactions. The 


deflection due to the redundant tension Y is T or 2 M oM 


— — ds = 


where 


> 
h 
oY EA 0G EI dG 


RAILROADS 


For Ts: 


With similar equations for the left truss with loading Wz, the 
last equation takes the form 


T oT 

EA oY 

which, with the relation dyp = —éyz, gives eleven linear equations 

for the solution of the redundants Mo, H, G, and Q for the right 

and the left trusses, respectively, and for the mutual reaction Y 

between the two and the deflections dyz and dy,. The forms of the 

equations are obviously symmetrical for either part except for 

the substitution of the loading Wr and Wz. For symmetrical 
loading, We = Wz and dyg = — dy; = 0. 

For the solution it is necessary to express the tensions and 
bending moment in the post and horizontal beam as linear func- 
tions of the redundants and the applied loadings Wr or Wt. 

Because of the relative length of the members compared with 
the gusset connection, the truss was considered as pin connected, 
the secondary bending of these members being of a small order. 
Due to the short horizontal member at the bottom connecting the 
casting to the side frames and the heavy gusset connection to the 
casting, this member, the skid rail, was considered as a cantilever 
extending from the casting to the side frame. It was considered 
important to estimate the secondary bending in the post itself 
in order to reduce the size of this member to the minimum as well 
as to allow for sufficient lateral stability. 

Considering Fig. 21b, the inclinations of the diagonals of the 
end truss of the Zephyr are: a, = sin~! 0.4825; a: = sin! 0.441; 
a; = sin~! 0.526; a, = sin~! 0.635, with the following values of 
L/A: 


Member 
1 
2 


L/A 
43.25 
37.9 
38.5 

8.5 
42.2 


Member 
6 
7 
8 
9 
10 


L/A 
33.75 
39.75 
20.80 
14.75 
66.80 


—2.07H; S = S’ = M)/a = 


Member 


11 
12 
13 
14 


L/A 
59.6 
16.5 
36.8 
25.5 


For 7; and S: 


—H ese 
0.053M 5 


T1 T; COS +S = W; 
+ 1.813H 


Sic — M— Qe 


(Mi + Qe) 


For T 0: ee T 1 = W—0.053Me 


For Si: 


For M;: 


M, = (ec— e)Q— cl — G) = 64.729 
80.22 (Y — G) 


For T 13, 


and Ti: = 


Tu = G; Tis = Tu sec ay 
—Ty = —G 


Tw = —T sin 


1.2944; = 


For 7's: 
For Tx: 


For 77: 


—T, tan a= —0.821 G 


Tu = T 13 sin a= 0.8214 

= (T10— Tu) csc a3 = 1.176W — 0.0624M, 
2.135H — 0.966G 

For 7's: 

1.121H — 1.5084 


For Ts: Ts, = —T; sin a; = 0.0328M, — 0.6188W + 


Ts = T 2 sin ay = 0.6188W — 0.0328M, +. 


For Ts: 


For 7’: 


For 
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= (Q — T») csc m = 
1.28W + 3.12G — 2.32H 
Ts > Tis cos a3 = 0.053Mo —Ww— 1.813H 


T, = —T; cos m = 1.12W — 0.0595M, — 1.81Q 
— 2.74G + 2.03H 


Ts sin a2 aa H + Q + G; Ts = —2.268(H + 
Q+ G) 

S — W — cos a. — T, 
0.1125M, — 2.12W + 4.7654 


2.07Q + 0.068M, — 


= 3.835Q + 


These equations may be checked at any node of the structure. 
For bending in the post 


and 


= (Y—@)z; == 


oM 
= 4.73; e = 15.5 


M 
= (Y —G)(z + 15.5) — Qz; = =2z2+ 15.5; 
oY 
OM 


For bending in the skid rail (horizontal member at the bottom of 


the 


=—X; 1 =9.3; d= 64.72 


= 263(Y — G) + 18,370(Y — G@) — 13,208Q 


18,633(Y — G) — 13,208Q 


—18,633(¥ — G) + 13,208Q 


M 0M 
— — ds 


I oe 
M 2M 


I 


ds = 9716Q — 13,208(Y — @) 


truss) 


= Sx = 0.053Moz; = 0.0532; I = 0.961; a = 18.87 


MoM 


For the stresses in the members and the differential coefficients 
with respect to the several redundances, see Table 3. _ 
Hence, for the axial loadings 


In like manner eee 


oT: I, + 
0Q 
oT, Ls 


+ A 


oT Ls 4 
3 dQ A; 
846.92 + 22.69M, + 1079G 


= T; 


> 

— 120.4H — 427.25W 


—120.4Q — 23.39M, — 349.674 + 1111.9H 


EA “J EI 2R® 
= 
MoM 
oY GAs 
= 
—21.94We 
1079.20 + 33.34Mo + 16274 — 349.45H — 623.57 
T or 
AdH 


3.835Q + 0.113Mo + 
2.07Q + 0.068Mo + 
—1.81Q —0.059Mo — 


—2/27Q 


ion 


M 
Mit— 


M 0M 


Also for the redundant Y 


—18,633(Y —@) + 13,2080 


‘eeu 
= 18,633(Y — G) — 13,208Q 


and including the compression resilience in the skid rail and the 
axial resilience in the post, then 


10,562.9Q + 22.69M, + 14,2874 — 120.4H 
— 18,208Y — 427 


22.692 + + 33.39G — 23.39H — 21.94Wer 
14,287.2Q + 33.34M>) + 20,260G 


.25Wr = 0 


Al 
— 349.45H 
— 18,633Y — 628.57Wer = 0 


—120.4Q — 23.39M, — 349.67G + 1111.9H + 440.7Wr = 0 

18,633(¥ — G) — 13,208Q = 
There is also a similar system of equations for the left side of the 

end truss in terms of additional redundants Q’, Mo’, G’, H’, the ap- 

plied load Wz and the mutual reaction Y. These two systems of 

equations are related by the constraint condition dyp = — dyz. 
The first four equations may be solved in terms of Y and Wr so 

0.2095Y — 0.36218Wr 


the 
= 0.8575Y — 0.02565W r 


—3.3758Y +1.6008We 
= 0.10025Y + 0.06744Wr 


and in a similar manner for the left side 


— H' = 0.2095Y — 0.36218Wz 
G’ = 0.8575Y — 0.02565Wz 


= —3.3758Y + 1.660401 


Q’ = 0.10025Y + 0.06744W 
In addition 
18 3,633(¥ — —13 »208Q = 


and 


_18,633(¥ — G’) — 13,208Q’ = 


but since 
= — dy, 
18,633(Y — G@) — 13,208Q + 18,633(Y 
On substituting for G and Q, @’, and Q’ 


7’) — 13,208Q’ = 0 


Y = 0.155(Wr + Wi) = 0.155 X 38,850 = 


With symmetrical loading, We = Wi = Wo/2 
and 18,633(¥ G) 13,208Q = 0 
whence Y = 6023 lb. 


With Wr = Wi = '/2 


6023 lb 


Symmetrical Loading: X 38,830 
19,425 Ib 


= 6023 lb 

G = 4667 lb 

Mo = 11,921 in-lb 
The stresses in the truss in pounds are 
T: = 11,950 T, = —10,220 7; 
T; = —1,8385 T. = —8,283 T; 
Ts —1,910 = 9,293 = 3840 Ti2 = 
T13 6,040 Th, 4,667 Ti, = —3840 


= M)/a = 632 lb 


For Lateral Loading Only: AW 
Y=0 
H = —1868; G = —132; Mo = 8562 in-lb; Q = 


1914 Ib 
H = Ib 


4070 
5345 7's 


= 0.4 X 13,208 = 5158 Ib; 


348 
wi 


= 1212 
—866 
132 


The stresses in the truss in pounds are 
= 3860 = —9280 
Ts 3750 = —1324 T; 
Ts 1018 T 1324 Tu 
Ti; = —171 T1 = —132 Tis 


= 0.053Mo = 


1674 7s 
-108 Tr = 
108 


454 lb 


On combining the lateral and symmetrical loading, the unsym- 
metrical loading is determined. Algebraically, the lateral loading 
adds to the symmetrical loadings on the right side and subtracts 
on the left, as in Table 4. 

For the bending in post and skid rail with combined symmetri- 
cal and lateral loading: 


Maximum bending moment at the bottom of the post 
64.72Qr — 80.22(Y — Gr) = 27,500 in-lb 
Maximum bending moment at the top of the casting 
53.7Qr — 69.2(Y — Gr) = 12,800 in-lb 
Maximum bending moment at the roof rail = 
15.5(Y — G@) = 23,000 in-lb 
Maximum bending moment in skid rail My = 20,483 in-lb. 


The critical lateral bending stresses in the post at the top of the 7 
casting are 7960 Ib per 8 sq in. ant at the roof rail are 14, +600 hb aad il 
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or or or or L 
dQ oG oH A 

1 — 2.07H —2.07 43.25 
— 2.120 3.835 0.113 4.765 37.9 

2G — 2.32H — 2.07 0.068 3.12 —2.32 38.5 
Olé 4G +2.03H +1.12W —1.81 —0:059 —2:74 2.03 8.5 

— 7G — 2.27H —2:27 —2.27 —2.27 42.2 

T = 0.062Mo — 0.966G + 2.13 1.17 0.062 9 2:13 39.75 

0.033Me + 0.508G — 1.12 — 0.6197 0.033 0.508 —1.12 

= — 0.033Mo — 1.508G + 1.12H + 0.619W —0:033 —1.508 1.12 
Ty = 01053 Mo + 1.81H + 1.00W 0.053. 1.81 66. 80 
+. Ta = 1/294 36.8 
Ty = — 0.821G —0.821 17.18 

H = 8 +1.00 30.2 

es and for the bending in the posts and skid rail - 
MoM 

>> — ds = 9716Q — 13,208(Y 
ve I 2Q 

oop pss 

On adding these equations, noting that 

‘6 

-2758 

; < 

Mo 

Q 


TABLE 4 


Right 
side, 
Member b 


NPNOPNONSNO 


$3238 


* Axial compression in post and skid rail. 


sq in. The maximum bending stress in the skid rail is 37,200 
Ib per sq in. and without the lateral stress and a bending moment 
of 11,921 in-lb the bending stress is 20,483 lb per sq in. Since 
the lateral loading is far in excess of what would occur in prac- 
tise and yield takes place in the gussets, such stresses were not 
considered excessive. Moreover, considering secondary bending, 
the factor of safety can be lowered. 

The analysis proved the initial postulate that important bend- 
ing loads are thrown both on the post and skid rail, so that the 
assumption of a simple truss action would have been erroneous. 


DEFLECTION OF END Truss 


For the articulation analysis, it is important to estimate the 
potential energy of the end trusses. The elastic energy stored in 
the end truss is V = '/,Wy, where y is the deflection correspond- 
ing to the main-side-frame load W, i.e., the load transmitted to 
the articulated center-pin casting. 

To calculate y, it is possible to estimate the cantilever deflec- 
tion of the horizontal skid-rail beam under the shear reaction 
S = M,/a, where a is the length of the beam and M, the constrain- 
ing bending moment at the fixture on the center-pin articulated 
casting. Then, for the symmetrical loading 


Sa 


3EI 


11,921 X 18,875? 


= 0.0527 in. 
3 X 28 X 10° X 0.961 _— 


As an additional check on the entire analysis, it is also noted 


that 
OF M 
—L+z | ——ds 
BAow*” 
Considering the members in which W appears explicitly, and 


noting the disappearance of the bending terms since W does not 
appear, the following relations hold: 7 ote 


— 308Q — 9.05M> + 170W — 383G 
— 100Q — 3.35Me + 63W — 154G + 114H 
179 —0.58M, + 11IW— 260+ 19H 
34W 
55W — 45G + 100H 
74+ 14H 
6W — 4G + 10H 
67W + 121H 


— 0.30M» + 
— 3.54M) + 


rz = —425Q — 21.95M, + 414W —629G + 439H. 


RAILROADS 
Max. 


symmetrical loading of the end truss, 


extends to panel section F. 
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On substituting for Q, Mo, W, G, and H corresponding to the 


oT L 


7 1497-73 = 0.0534 in. 


= 514.8 in-lb. 


which agrees with the previous value. 
The miei energy of the end truss is, therefore 


= 1/, X 19,425 X 0.053 


—ANALYSIS OF ARTICULATED-END CONSTRUCTION 


In the Zephyr because of the necessary outward projection of 
the center pin with respect to the plane of the end frames, eccen- 
tric loadings due to both vertical and horizontal reactions result 
in a moment which is resisted in greater part by a horizontal re- 
action from the roof, which, in turn, causes bending in the post. 
However, since the center sills are rigidly connected to the end 
castings, it was considered important to estimate accurately the 
percentage of bending moment transmitted by the sills resulting 
from the eccentric loadings. 

The major reactions are shown in Fig. 22 where (a) is a longi- 
tudinal elevation of the post, (b) the center sills, (c) the projec- 
tion of the end frame, and (d) the redundant portion of the side 
frame. 

REDUNDANCY 

To estimate the redundancy, we note first that the projected 
reactions on the end frame are functions of the load S, transmitted 
by the end frame from the center-pin casting to the main side 
frames, and also that the reactions R; = R, transmitted from the 
roof to the side frames are functions of Po. The stresses in the 
end frame are all functions of S; while the end-post reaction on 
the roof Py is assumed to be localized by reactions R; and R, at 
the first panel. We thus eliminate considering the end frame and 
roof for estimating redundancy, these being merely transmitting 
members. 

The reactions H and V at the center pin and the panel loads 

_ are the applied loads on the system. The unknown reactions are 


_ the roof reaction on the post Po the loading S, transmitted by the 


end frame to the side frames, the constraining bending moment, 
shear and tension (or compression) in the sills, My, So, and 7», 
respectively, at the section adjacent to the casting, the tension 
(or thrust) 7; and the reactions R; and R, transmitted by the 
floor cross frames to the bottom chords of the side truss, a total of 
eight unknown reactions. But in addition there are the un- 
known loads in the truss members for the redundant portion of 
the truss, a total of 21 members. There are, therefore, 29 un- 
known quantities. The available equations are 3 for the post 
system (a), 3 for the sills (d), and 24 for the main side truss with 
12 joints (c), or a total of 30 equations. But three of these are 
used for determining the reactions of the remaining portion on the 


dent equations for determining the 29 unknowns enumerated. 
We have, therefore, two redundant reactions. The bending 
moment at the sill Mo and the roof reaction on the posts Py were 
chosen as such. 


— portion of the side truss, so we have but 27 indepen- 


_ Reaction or REMAINING PorTION OF THE TRUSS ON THE ~ 
ARTICULATED REDUNDANT 


The redundant portion of the structure affected by M> and " 
In the panel F-G is the baggage- 
door opening which in itself introduces additional redundancy. 
However, the following approximation has been made. The 
roof and floor beam must carry the total shear, resulting in secon- 
dary bending in these members. While these openings have been 


~ 
Left 

side, Critical, Area, lb per 
b lb sq in. 8q in. 

— 940  —19,500 9036 21,600 C 

Ts 2690 5450 5450 9036 6,050 T 
— 1628 —4052 — 4052 00 

Ts 1915 —5585 — 5585 36 

Ts — 9617 —6969 — 9617 | 

7019 3671 7019 36 
Ts — 3644 —1872 — 3644 
Ts — 892 —2928 — 2928 
Te 9617 6969 9617 

Tu 3732 3948 3848 > ee 
Ti: — 4535 —4799 — 4799 
Tis 5869 6211 6211 
Tu 4535 4799 4799 

Tw — 3732 —3948 3948 

G 

| 


analyzed more rigidly, for the articulation analysis, due to the 
preponderance of shearing action, points of contraflexure were 
assumed midway in panel F-G and the shear components for the 
upper and lower members were adjusted in the ratio of the mo- 
ments of inertia for these members. 

The horizontal components in the top and bottom members at 
the points of contraflexure in panel F-G are, with the maximum 
bending moment at this section, taken at 3,760,000 in-lb and a 
dynamic maximum drawbar load H = 35,000 lb, as follows: 


4 
66.63 66.63 


3,760,000 35,000 X 77.07 = we 
= 97,000 lb 

66.63 66.63 


On the assumption that Vi/V2 = 
Vi = I 


_ then V; = 8470 lb and V2 = 7646 lb. 
_ From these the equivalent reactions on the redundant portion 
may be estimated, assuming that the bending constraints are 
concentrated in the two panels adjacent to the baggage-door 
opening. Therefore P; = 17,070 lb and H; = —62,000 are 
concentrated at the top, and P; = 15,396 lb and H, = 97,000 
concentrated at the bottom of section F, and P; = 8600 lb at the 

- top and P, = 7750 lb at bottom of section EZ. 


EXPRESSION OF THE PRINCIPLE INTERNAL REACTIONS BETWEEN 
@ THE PARTS IN TERMS OF REDUNDANTS Mp AND Pp 


Be express the elastic energy of the system in terms of the re- 


_ dundant reactions M) and Py and the applied loading, the follow- 
ing relations of the internal mutual reactions between the parts 
consisting of the center-pin casting and vertical post, the pro- 
jected end frame, the main side frames, and the center sills, where 
the reactions between the center sills and side frames are trans- 

_ mitted by the floor cross frames are noted. See Fig. 22. 


For Tiand T= T.=H+Py 


=V—S, 
Po — — Sid + My — Va — Hh, 
b 
ohi — (ke +d +a)V + Myo— Hh, 
b—ke—d 


M S M Sol 
For R; and R, oly. B= 


For Rs and Ry: Rs 

Assuming H = 35,000 lb and V = 30,850 Ib and numerical di- 
mensions for Fig. 22 as follows: hi = 94.63 in.; he = 10.44 in.; 
hs = 28 in.; hg = 21 in.; hs = 6.06 in.; = 62.06 in.; = 
31.56 in.; 1; = 93.62 in.; a = 10.44 in.; b = 26in.; c = 72 in; 


d = Oin.; e = 66.3 in.; and letting 


C; = b—ke—d = 19.94; g = C—h, = 44 in; 


4.47P,) + 0.0502M,) — 44,000 
—4.74P, — 0.0502M, + 74,850 
14.04P,) + 0.1805M, — 130,600 
9.32P> + — 86,600 
Rs = 1.33P 


To determine the redundant reactions My and Py we have 


av _ Wa We We Wo We 
OMo OM, OM y OMy 


Ve 


where Va = elastic energy of the post 
Vz = elastic energy of the center sills na 2 
Ve = elastic energy of the floor cross frames 
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Be 

5 R R, 

yr Si: 

So 

nm 

— 
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= elastic energy of the main side frames in the redun- 


dant region 
elastic energy of the end truss. 


: 7 
1 + M oM d | 
i | 
B 


Therefore 


oV 


M aM 
I OM 0 


“LoL 


For the Vertical Posts: From Fig. 22a 


oM 


M= Poe; 


=0 fromOtoh; 


M = P.(x+h;3)—kS,z from 0 to q with the origin at hs 


kh 


= Py (x + hs) 


kz. 


ty 
— 


_ The mean moment of inertia of the posts (per pair of posts) about 
a transverse axis is = 99.5in.4 Hence 


Va 


Ie OM, aM, 


as |, 


For the Center Sills: From Fig. 22c 


= 0.0059M, + 3.08P) — 8770 = 
A 


Va 
= 3.1M) + 1783.5P>) — 4,640,000 = —— 
oP» 


= My + Sor from 0 to I; 
(ke +d +a)V + 


M = R,xfrom0 tol, 


_ 

wand 

The moment of inertia of the center sills (per pair of sills) is J, = 
so that 


OM 
OPo 


OM x 


oV 
= 34.4My + 2215P,— 20,600,000 = —— 


= 2216Mo + 146 ,500P — 360, 000, 000 


= 
oP» 


_ For the Floor Cross Frames: A standard floor cross truss as at 
_ stations Z and F, and loaded with a reaction R is shown in Fig. 23. 


Here 


| 


Length Area 


bidte 


Lol 


NONSONAN 


bo 


~~ 
BS 


on 


L OT OR, 


A OR, OM, 


oT OR, 


A OR; 0Mo 


L oT OR; 


A OR; OPo 


= 14.04P, + — 130,600 
9.32P>) + 0.1305M,)— 86,600 
oR, oR, 


— =0.1 5; 
oP, 


L OT OR; 


A OR, OPo 


oR; 


oR, 
Whence —— SP, 
0 


=0.1 
805; 


= 14.04; 


= 0.1805 (68.6M, + 5340P, — 49,600,000) 


+ 0.1305(49.6M, + 3545P, — 4,300,000) _ 


av 
= 18.87M» + 1426.5P) — 13,250,000 = 


oT 
= 14.04(68.6M>, + 5340P, — 49,600,000) 
oP» Cc 
+ 9.32 (49.6M, + 3545P, — 4,300,000) 

1425 My + 107,900P,— 1,003,000,000 = = 
0 
For the Main Side Truss: The redundant portion of the struc- 
ture affected by M, and P, extends to panel F. (See Fig. 24.) 
The reaction of the remaining portion of the truss on the redun- 
dant portion is equivalent to reactions H; and H, with P; and 
P; at section F and P; and P, at section E. The reaction trans- 
mitted by the end frame is the supporting force S, at the panel 
B,. The reaction transmitted by the roof consists of the post- 
reaction Py) applied at B; and the forces Rs = Rs applied at B, 
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Therefore, at stations and F 
— — = 380.2R; = 68.6Mo + 5340P. — 49,600,000 
+ E 26 | Loar 
“Adi — — = 380.2R; = 49.6My + 3545P> — 32,950,000 
-0430R -0,732 R -0438R 
Member AOR 
A-B 60.2R 
C-D 44.9B 
D-E 34.2R 
F-G 21.0R te 
G-H 48.3R 
H-A 21.0R 
B-H 24.2R 
oM, D-G 3.9R 
E-G 
But R, 
z 
OM, + Ci OP, C; : 
L o7 
d| — — 
M 0M 
I, oMo 
jz f 
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= 9097.4P) + 119.013M) — 92,364,410 
33R 
For the End Truss: Due to the obliquity of the end 
truss which makes an angle of approximately 10 deg with 
a transverse plane, its action must be considered in the 
articulation analysis. Weare concerned with the projec- 
tion of the end truss in a longitudinal plane for determin- 
ing the equilibrium of forces as well as its deflection in 
estimating the effect of its flexibility in the system. 
The reactions in the end-truss analysis were assumed 
; ig . | in the oblique plane of the truss. The projections of 
— acting on the end frame are the 
arene > = oad of the side frame S; and a corresponding supporting 
load S, from the articulated casting which form over- 
y Us. turning couple S,hy. This is balanced by a couple kS,e. 
Vv, 7696s Hence 


hs 
Sihy = kSyeandk = — = 0.091 
€ 


15396 


~ 4234 
+ 7750 
0.1305M,* 9 32R- 


0.1805 M,+14.04R-/27 084 
*437/ 


Because of the small obliquity of the end truss, the 
elastic energy stored in the post as in the end-truss analy- 
sis may be considered as the transverse component of the 
elastic energy in the post. Thus the elastic energy of the 
end frame includes the transverse bending elastic energy 


of the post. 
The elastic energy of the end truss is z us 
1 
=-§ 


R- 130600 


0.1805 M 414.04 


72472 - 4.74R-0.0502Mo 
0.1305M,+ 9.32R- 86600 


Ve = 


S = 74850 -4.74R-0,0502M_ 


R, 
R2 


Now S; is a function of the redundants Moy and Po, so 
that 


action on the roof with respect to the top rail of the truss. Fi- Member Length Area Load 

nally, there are the reactions from the center sills which are trans- B:-Bs -74Po + 0.0502 Mo — 72,500 

mitted by the cross floor frames at panels E and F. Thesecon- 5. 
i j B:-C; 

sist of the horizontal shear force of the cross transom and are Beth ; O75Ps + 0.0158Mo — 22'840 


equal to the tension (or thrust) 7; applied at together withthe  B:-C: 31. .892Po — 0.0278Mo + 40,250 


-140Po — 0.0315 + 45,500 


.O75P .0158 Mo — 22, 
_-vertical constraining reactions of the sills and transmitted by the Me — 35°549 
-41Po + 0.0502Mo — 68,749 
.075Po — 0.0158Mo + 22,840 
-43Po — 0.0680Me + 93,200 


+ 0.0017Mo — 85,800 
.29Po — 0.1303Me + 58,100 

But SiR = Rs, and and are all functions of My) and 
Po, that is E:-F; 


.24Po — 0.0597Me + 31,600 
-405Po — 0.0619Mo + 120,740 

.71P0 + 0.0940Mo — 36,100 

.39Po — 0.0617Me + 23,800 

.12Po + 0.0861Me — 33,200 

—62,000 

Fi-F:2 -27Po + 0.0599Mo — 

Si —4.74P, 0.0502M, + 74,850 


and C;, which arise on account of the eccentricity of the post ree © TABLE 5 REDUNDANT FART OF SIDE FRAMES AT ARTICU- — i 


cross members as vertical shear forces Ri at E and Rat F. In ¢r-@s 
ems there are the dead loads at panels B, C, E, and F. Cs-E 
It is evident that the stresses in the truss can be readily ex- ¢*-#! 
pressed in terms of Po, Rs, and Res, and Ri, and Re, together 


_ with the applied loads. ErF, 
E:-F: 


ao 


a TABLE6 DIFFERENTIAL COEFFICIENTS OF ELASTIC ENERGY 
We" Ry = Re = 1.33Po; T: = Po + H = Po + 35,000 FOR REDUNDANT PART OF SIDE FRAMES 


R, = 14.04P) + 0.1805M, — 130,600 
Member 


= 9.32P> + 0.1305M, — 86,600 4.20Po + 0.0444Mo — 64,100 396.5Po + 4.20Mo — 6,060,000 
“ad 0.991P> + 0.0079Me — 11,380 124.5Po + 0.991Ms — 1,430,000 


and the applied loads are 7 1.67Ps + 0.0246Mo — 35,500 113.8Po + 1.674Mo — 2,415,000 
= 17,070; Ps = 8600; Ps = 15,396; Ps = 7750 Ib C 4°13P Mo 83,200 280.7Ps + 4.13M@o — 5,660,000 
"28Po + 0. 19-0Ps + 0.2795 Me — 405,000 
the panel loads 2065Po + 21.85Mo — 
.02Po + 0.0284M 500 143.6Ps + 2- 2,810,000 
We = 2378; We = 3751; We = 4234; Wr = 4871 lb + 0.0703 2,646,006 
The loads in the various members in terms of Mo and P» are 


given in Tables 5 and 6. 13.75Po + 0.1935Me — 74,600 978Po + 13.75 Mo — 5,310,000 
8.99Po + 0. 1265Me — 83,600  642Po + 9Mo — 5,950,000 
|, = 118.97P, + — 1,171,259 118.972Po + 1.5785Mo — 9097.36Ps + 119.0125Mo — 


1,171,259 92,364,410 


= 
a 
p 
“4 
= 
3 1 
3 
_ 
> 
4 
4 
| 
~ 
— 


oVe oVe oT aS: 
2M, 8 0M, © AEOQS,0M, 


where T; = a,Q’ aM,’ a;G’ + a4H’ 4+ ayS; 
= —4.74P) — 0.0502M, + 74,850 - 
and 


where Q’, Mo’, G’, and H’ are the redundant reactions in the end 
truss and are solved in the ““End-Truss Analysis.” 

A much simpler method is to estimate the deflection y, which is 
likewise the deflection of the cantilever skid rail extending from 
the casting to the side frame. The shear for the cantilever (as- 
sumed) skid rail is S’ = Mo'/a, where a is the length of the skid 
rail, so that 


where Jz = moment of inertia of the skid rail. 
Then for a pair of trusses 


S’ = M,'/a = 0.02855S,/2 
and with a = 18.875 in. 
= 0.961; 


3EIr 


2.38 S, 
so that the elastic energy is ae 


go> vewa(ly 


2% 9 

where C; = 1.19 X 1078 tm 

Ve oS; OVE oS; 

OVE = ¢,8, 

Then = CS, oP, 

with S, = —4.74P) — 0.0502M> + 74,850 oul 


aS; 


E | = 0.084M> + 7.91P. — 125,300 
E 


E4 = 7.93M> + 748P, — 11,810,000 
OP» E 


SUMMATION OF THE COMPONENT ELEMENTS OF THE ARTICULATION 


System 
oV . . OVe . OVE 
For —— = B( + — + — +— +—) =0 

54.936M> + 3771.45P) — 35,155,330 = 0 
0V4 . Vs We Wa 
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me 
+ 266,028.5P> — 2,471,814,400 = 0 


Hence 


+ 68.652P> — 639,934 = 0 


From which Py) = 8173 lb and My = 78,908 in-lb. 
From these values, the stresses in alt parts of the articulated _ 
end, including stresses in the redundant portion of the side truss, _ 
can be estimated. The moment due to the eccentricity corre- 
sponding to the moments of the center-pin loads H and V about 
the intersection of the center line of the post and sill, with the 
loadings assumed, is 688,000 lb. This is counteracted by the 
bending moments of the post and sill and the shear moments at 
the legs of the casting. The bending moment transmitted to the 
sills amounts to 11 per cent, and for the post, 67 per cent of the 
total eccentricity moment. With bumping loads, H is reversed 
but is opposed by the moment of the vertical center-pin reaction. 
Such analysis, though at best an approximation, gives a closer 
insight into the interactions taking place in the articulated end. 


My + 70.546P, — 655,480 = 0 


8—BAGGAGE-DOOR AND STEP-WELL OPENINGS 


LONGITUDINAL BENDING 


The upper and bottom chord members at the door openings 
must transmit the total shear and bending moment because no » 
diagonals are possible in such panels. Large secondary bending 
and shear stresses are sustained by these members. 

In the analysis the roof itself, which is reinforced through the _ 
opening and several panels back on either side of the opening, has _ 
been considered as an effective upper member. Likewise the 
equivalent beam of the floor system has been taken as the bot- 
tom chord. 

It has been pointed out that the roof and floor systems are — 
essentially continuous beams with elastic supports, the reactions _ 
of which are mostly redundant actions from the intervening truss _ 
system. On this basis it is to be noted that oscillations of the — 
bending moment extend along the entire roof and floor system, | 
while the oscillations are considerably augmented at the open- | 
ings. If it is considered that the oscillations are damped to small a 
amplitude at three panels on either side of opening, the structure 
may be analyzed between these terminal sections, which include 
the openings, where the applied forces consist of the bending — 
moments and the shears acting at the terminal sections and ex- — 
erted by the remaining parts of the truss. The redundancy even — 
for this is considerable. Thus on this assumption there are — 
seven redundant reactions at the main baggage-door opening. 
An analysis was made on this basis for a first approximation of 
the bending moment and shear distribution. A more precise _ 
approximation may be found elsewhere in this paper under the 
heading ‘‘Indeterminate Features of Construction.” 

Three cases will be considered. Case 1 is that of an opening © 
that carries principally a shear loading only, Fig. 25a, and the — 
bending moment of which is of small order. Such conditions — 
occur when the opening is adjacent to the articulation support. 

In this case points of contraflexure occur at the center of the _ 
panel C, and the shearing loads divide as the moments of inertia, a 
i.e., = I,/Ts, with Ss = S, so that 


S,=S 


d S 
7 I, +1, 


The maximum bending moment at A or B is S,a, and at A’ or © 


B’ it is Sya. 
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Case 2 is that of an opening which transmits pure bending = 
only (Fig. 25b). No point of contraflexure occurs in the panel. _ > M, = @—M,— Mh 
Such conditions would occur for an opening at the center of the ie 
car under symmetrical loadings. where M,, H, and S, are the redundant reactions. 


Let & total bending moment transmitted For the upper member, we have, on either side of the mid-sec- 


M, = secondary bending in upper member tion 


= secondary bending in lower member 

H = axial horizontal thrusts in the two members. M =M,+S, (a—2); 
Assuming the center of gravity of the top and bottom chords 
separated by a vertical distance h, and with J; and A; for the up- 
per and J; and A, for the lower moments of inertias and areas, oM aM 
then, we have a structure with two redundant reactions, say M, M = M,—Si(a— SM, 
and H. Since M; + + Hh = ® 

d lik f 
aM; aM, li ewise for the bottom chord 


M M, + &a—s) = M,— Hh + (8 —S,) 


OM 
oM, 


On equating to zero the differential coefficients of the elastic 
energy of the upper and lower chords with respect to the redun- 
dants M. dants and H and simplifying 


On substituting in the equations 
Case 3 is that of an opening transmitting both shear and bend- 


. q ing (see Fig. 25c). M oM 
Let @ = the bending moment at the center of the panel <a z El, aM, M, 
= total shear 


| 


Fig. 25 : 
OM _ OM _ OM 
[28] M = M:—S,(a—2z) = M, — Hh— (S — S,)(a — 2) 


M oM oM 
dz = 0 
fz EH, 08," J Ends, 


Then, by integrating and simplifying 


which, with the static relations 


S; = S—S,and M, = ®— M,— Hh 


gives the bending moments, shears, and axial loading at the 
center section of the panel. It is to be noted that the points of 
contraflexure are no longer at the center but are shifted from it, 
depending‘upon the relative magnitude of the shear and bending 
moment. 


METHOD oF SUPERPOSITION 


The shearing loads divide according to case 1, which agrees 
with Equation [32]. Likewise Equations [28] and [29] for case 2 
agree with Equations [30] and [31] of case 3. It is convenient, 
therefore, to estimate the shear loads for upper and bottom chord 
as for case 1 with pure shear action. Then, if a bending moment 
is transmitted through the panel to superimpose the secondary 
bending and axial loads according to Equations [30] and [31], we 
may readily estimate the reactions of the truss constraints on 
either side of the panel. 

On solving [30] and [31], the secondary bending moments for 
the top and bottom members are 


wae In} Ar +As 
M 1 : 
2= 
2 2 \Ai + 
1 
(h + 1s) 
(A; + Az) 


From a direct inspection of these equations, it will be noted 
that by increasing /;, the bending moment in the upper chord or 
roof is decreased, so that to reduce bending stresses in the roof it 
is necessary to have deep longitudinal beams well connected as 
far back as two or three panels on either side of the opening in the 
floor system. This was carried out in the Zephyr. 

The method is useful in estimating the constraint reactions 
brought on the truss on either side of the openings. While such 
reactions are distributed several panels back, a drastic loading 
assumption would be to assume the constraint reactions localized 
to one panel adjacent to the openings. It is also necessary to in- 
vestigate the maximum bending moment in the vertical posts 
adjacent to the openings, approximately. 

The slope ta at A; can be approximated as follows (see Fig. 


~ 


post. Then for the redundant part of the top chord A,B, 


Let Mg be the very small bending constraint offered by the — 


Sa+Ms\ mM =z 
ra = ( b aM, b 
with Mg = 
S I 
Also = so that, since 3. - ta: = t42 (approx.). 
With the belt-rail constraint, the post will bend approximately — 
as indicated, so that 
h 2 
(?) 32EI 
=t4; M = Ip = moment of inertia of 
the post. 


TorsIONAL StRBNGTH THROUGH STEP WELLS AND OPENINGS © 


Because of rolling inertia couples, lateral forces, and jacking 
conditions, openings such as those through step wells must trans- 
mit large torsional loads which are superimposed on the main 
longitudinal bending loads previously discussed. 

The characteristics for transmitting torsion depend greatly on | 
the bulkhead partitions at either end of the step well. For in- 
stance, if the bulkheads are very rigid, a pure torque is applied 
by the truss to the openings. In this case, the roof takes a con- 
siderable share of the torsion. On the other hand, without any 
partition whatsoever, the torsional effect is manifested by a 
couple exerted on the main side frames, increasing the loading on | 
one side frame and decreasing the loading on the other side frame. _ 
This torsional effect for the latter condition must be resisted at > 
the opening by an increase of vertical shear loading for the 4 
longitudinal stringer or beam adjacent to the steps, and also at 
the center sills to a less extent, with a corresponding decrease for _ 
the members on the other side, while an additional resisting 
couple is exerted by vertical shear loadings of the roof rails. It 
is to be particularly emphasized that the roof rails continue as an _ 
integral part of the upper chord of the main truss, so that even — 
without a partitition they are effectively brought into action. A 
little consideration will show that the shearing forces resisting — 
torsion for either case, result in bending stresses which are super- _ 
imposed on the main longitudinal bending stresses. 

The two extreme cases discussed are shown in Fig. 26a and }, | 
the actual case being a partial effect of both actions. 

While the transverse shear forces at the roof and floor system — 


are an effective couple, and also materially reduce the vertical _ 3 


shear forces causing bending in the longitudinal floor stringers and _ 
roof rail, their action postulates a rigid bulkhead partition. — 
For this reason it was considered important that the torsional — 
strength of the step: well should be independent of the relative | 
strength of the bulkhead and it was assumed that the entire tor- 
sional loading was resisted by vertical shear forces at points a 
way between partitions in the step well. The additional deep 
longitudinal step-well beams adjacent to the step well and ex- 
tending back for two panels on either side of the well were de- — 


signed to sustain the heavy torsional loads and relieve to a i 


siderable extent the torsional vertical shear loadings in the roof 
rails. 

Assuming, therefore, torsional loading resisted by vertical shear — 
forces at points midway between partitions in the step well ¥ 


Se 
t 
h h? I 1 oh 
2 I, Ay Az 
ce 4 
= 
Be 
x 
on 
a 
K 
|| 


wD 


uss ‘toe rae 


tical of! 
total torsional moment transmitted nares alt 
= lateral distance between center sills 
= lateral distance between longitudinal side step-well 
beams 


L; = lateral distance between roof rails. 


Then, the shear reactions at the points of contraflexure midway 
between the partitions are proportional to their lateral distances 
out and to the moments of inertias 


Si = = 2; and = kL 


sory od OF 
thee 

T= Sila + + Sola + = + + 


to 


so that the moments of resistance are 


TyLy? + + 


S; = 


The bending moment resulting from torsion for any of the mem- 


bers has the form Sa (Fig. 26d), which is superimposed on the 
longitudinal bending. 


S; = 


9—INDETERMINATE FEATURES OF CONSTRUCTION 


The assumption of a simple truss action for the main side frame 
is at best but a crude approximation of the actual action taking 
place in the car body. While the roof and belly were reinforced 
to the equivalent of heavy girders over and adjacent to the 
openings, it must be appreciated that 1 more or less secondary 


d 
‘wie 


bending exists throughout the entire roof and belly structure even 
for the non-reinforced portions. 

The beams for the roof and belly structure are essentially con- 
tinuous with considerably augmented moments of inertia at the 
approaches and over the openings and with the intervening truss 
reacting on these elements. An analysis along these lines for the 
entire car structure would obviously result in considerable re- 
dundancy. It is easy to see that the stiffness of the roof and 

_ belly reinforces the structure as a whole, reduces the deflections, 
and decreases, in general, the stresses in the truss, but at the ex- 


pense of secondary bending in both roof and belly. 


The secondary bending and shear loadings become of particular 
importance over door openings. It is appreciated that a thor- 
ough analysis would require consideration of the entire structure. 
_ However, due to the fact that the moments and shears are con- 
_ siderably augmented over and adjacent to the openings but gradu- 
ally become damped to small values several panels away from 
such openings, a first approximation for secondary bending is to 
consider a portion of the structure including the opening and from 
two to three panels back on either side of the opening. 

On this basis a study has been made, first, in the approaches 
two panels back on either side of the opening, and next, for one 
panel back on either side of the opening. In either case, the 
secondary bending at the terminal sections for the roof and belly 
was considered negligible. 

For the case of two panels on either side of the opening, Fig. 
27, case 1, shows a typical structure with the roof truss and belly 
separated. The applied loadings consist of the panel loadings 
and the reaction of the remaining truss on this portion, at one 
terminal section. At the other terminal section the reaction of 
the remaining truss consists of three elements, the bending mo- 
ment, the total shear, and the equality of the axial loads for roof 
and belly. od addition, there are 18 truss wneaas and 16 inter- 
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unknown internal reactions. The sys- 
/ tem, therefore, is redundant to the third 
degree. 
reactions R,, T2, and R, were 
chosen as the redundant reactions. For 


the determination of these reactions, 
the differential coefficients of the elastic 
energy for the truss roof and belly 


with respect to these redundants must 
a be equated to zero. 

The first terms apply for the truss 
members and axial components in roof 
and belly, and the second terms apply 
for the bending in roof and belly. 

For an actual study, an approxima- 


tion was made for the baggage-door 


opening in the Zephyr. The panel loads 
_ were taken at 2000 Ib each and the 
bending-moment and shear reactions of 
the remaining portion of the truss at the 
forward terminal section consisted of 


3,500,000 in-lb and 15,000 lb, respec- 


H 
v 


tively. The distance between the neu- 
tral axes of the roof and the belly is 70 
in. The shear loading was taken by 
_ the tension in the diagonal. The mo- 


Bei 


- ments of inertia of the roof and the 


Ww, Ww, 


+225 000 


BENDING - \Tonenr 


belly are 2000 in.‘ and 1000 in.‘, re- 
spectively. The panel spacings are 65 
in. across the door and 30 in. across 
the bays. Areas of all of the truss 
members were taken at 1.5 sq in. and 
those of the roof and the belly at 15 
sq in. each. 


Boor 


On expressing the loadings in the 
truss members and axial components in 
the roof and belly, as well as the bend- 
ing moments, in terms of the applied 
loadings and the redundant reactions 


actions between the roof and belly, respectively. Thus there is a 
total of 37 unknown quantities. For solution there are 12 joints 
or 24 equations with the six equilibrium equations for roof and 
belly, respectively, or a total of 30 equations. There are, there- 
fore, seven redundant reactions. These are shown by heavy- 
lined vectors in Fig. 27. 

For a crude approximation, the analysis for one-panel ap- 
proaches is shown in Fig. 27, case 2. In this case, truss deflec- 
tions have a marked effect on the distribution of secondary 
bending in both roof and belly. The applied loadings consist of 
the panel point loads, and the reaction of the remaining portion 
of the car structure at the terminal sections. However, the re- 
actions at one terminal section must be determined from the 
three equations of equilibrium for the external forces, from which 
are determined the horizontal components H; and H, and the di- 
agonal tension 7. The truss reactions on the roof and belly 
consist of the reactions of the diagonal and vertical members of 
the truss within the terminal sections, a total of six unknowns. 
There are, however, six condition equations for the equilibrium 
of the roof and belly, respectively, but of these, three equations 
are required for the determination of the external forces. There 
are, then, but three equations for the determination of the six 


by the use of the condition equations 
of equilibrium for the various parts, 
and integrating for the differential 
coefficients for the bending in roof and 
belly, then, on summing up for the 
various differential coefficients with respect to the respective re- 
dundants, we have 


1886.1R, + 1259.6R2 + 1366.47; + 14,121,000 = 0 
1259.7R; + 933.5R, + 947.47: + 9,893,000 = 0 
1368.62; + 947.4R, + 1168.57; + 5,896,000 =0 


from which R; = —17,126 lb, R, = —15,373 lb, T: = 27,476 lb, 
and the stresses in the members were determined. 


BENDING-MoMENT DIAGRAM FOR Roor AND BELLY 


The bending moments in the roof and belly for case 2 are shown 
in Fig. 27. It will be noticed that the effect of the truss deflec- 
tion causes unsymmetrical location of the points of contraflexure 
in the door opening for the top and bottom members, respec- 
tively, and a shifting toward the points of diagonal attachments. 
The shear forces were found to divide approximately in the ratio 
of the moments of inertia of roof and belly, respectively. 

From a construction point of view we should infer from this 
analysis that, in order to obtain more symmetrical conditions of 
bending at door openings, it is desirable to cross-brace the ap- 
proaching bays at the openings. 
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SECONDARY BENDING IN TRUSS MEMBERS 


In order to show the relative importance of secondary bending 
for heavily gusseted short members and the relief of such stresses 
with longer members, the simple structure of Fig. 28 was ana- 
lyzed. It consisted of a cantilever beam with a heavy tie mem- 
ber loaded at the end. The system has three redundants, Mo, : 
So, and 7’o, i.e., the bending moment at the joint, the transverse- 
shear reaction of the diagonal at the joint, and the axial tension 
along the diagonal. 

If 6 is the inclination of the diagonal, a and b the lengths of 
diagonal and horizontal members, Ja and J» the corresponding 
moments of inertia, and Aa and A>» the areas of sections, then, for 

an applied load P; 


+ BS) + CT» 


= KiP 


Section A-A I 


BM, + DS» + ET, = 
0.1784 0.230/ 0.3206 
where co 172.8 131.5 
124.0 95.6 
3 3 2 2 2 fi 
af As So 4.4 71S 
bos bs 7070 6978 6949 
= & 3h, 5cos 6; Ke = — 3h, cos 6 5000 4936 4918 
b3 b cos? b3 Stress in Diagonal Member 
aly 7 Axial 14820-T 14,790-T 14700-T 
From these equations Mo, So, and 7 were determined. Maximum 18,040-T 16,700-T 1@500-T 163/0-T 


Three designs, with moments of inertia Jo = J» of 0.1754, Stress in Horizontal Member 
Bending 0 10.000 9940 9780 


0.2301, and 0.3206 in.‘ were considered so that the ratios of a/Ja 
i “a Axial 10,640-C 1/0,500-C /0470-C 1040 

The bending M, at the load joint was found to have values of : Fia. 28 
354, 479, and 669 in-lb, thus consistently increasing with de- 
creased ratios of a/Ie and b/I». Likewise the bending moment ‘The potential energy of the total system, including both truss and 
at the fixed end of the diagonal member increased by 221, 262 girder, is 
to 345 in-lb, and the bending moment at the fixed end of the EI U/ arya EI t /ary\2 
horizontal member increased much more rapidly from 1172, i+ — ( 
1527 to 2089 in-lb. The axial stresses were practically unaffected dx? 2 Jo 
retaining these simple statical values. : 

The stresses in the longer diagonal member were very little where the equivalent moment of inertia of the truss is J; and for 
affected by secondary bending but the compression in the hori- the girder J:. Also 


zontal was materially increased by bending. dty 


From this it can be concluded that secondary bending at the | an pen Ta p oi TO, etc. 
gusset connections, particularly for short members, may result in 
high stress concentrations in the gussets unless due allowance is i ini ane 
made for additional torsional-shear stresses. This is particularly On squaring and noting terms as f sin a sin ; dz = 0 


wea 


true for short horizontal members with diagonal trussing. It , Pe See 
was considered an important problem in the articulated end-frame white 
truss. 0 l 2 


THe DEFLECTION OF Car STRUCTURE AND INTERACTION WITH we have from [36] 
Heavy CEenter SILus oR LONGITUDINAL FLOOR GIRDERS 


At each panel point there is a redundant reaction between the + hh)! 1 a ta? [37] 
car truss and center sill or floor girder. Evidently with a long 
truss such a system would be very indeterminate. For this ne 

reason the following approximate method is useful in determining Now the variations of the deflection at panel points are 


the common deflection curve and the interactions between the car 9 
truss and girder. The common deflection curve can be repre- rat iy, = da, sin — * + Say sin es .(at panel 1) 


sented by the trigonometric series =e 
=a sin — +a@sin— +asin—... = = da;sin — + da, sin —....(at panel 2) 


= 
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The work of thee extraneous forces on the system equals the change 
in the elastic energy of the system, hence 


and W, (sin da, + sin + (sin 5a, 


+ sin ... w sin dz da; 
0 


2 V OV 
+ w sin dziaz = da; — oa,..... [38] 
0 


Due to the independence of the coordinates aj, a2, ete., we have, 
finally 


4 
(sin + We sin 2 w) 


21% 


2(w, sin + Wesin +2 


(I, 12) 


an = 


where n* applies to odd harmonics only. The deflection curve is, 
therefore 


n= @ 


In a first approximation, taking the first term in the series, 
_ we have for the approximate deflection curve 


wax? 21 _ 


dead load per inch run. 
For the reactions between the truss and girder, neglecting the 
distributed load w, or assuming it concentrated at the panel 
points, we have 


‘EI on‘an 
sin + R; sin 


“dead W,, W2, etc., are the panel loads at x; and 2, and w is the 


and the loadings on the truss structure alone are 
(Wi — Ri); (W2 — R2); ...ete. 
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Hence 
Ri Wi Ws 
hth] l I; 


It is therefore evident that with a deep truss and large I, - 
reactions of center sills, unless very deep, have no appreciable 
effect on the truss. The same arguments apply to the roof struc- 
ture in parallel with the truss. 


GENERAL CONCLUSIONS 


The comparative study of standard heavy-weight raion 


equipment with that of streamlined light-weight construction 
amply justifies the conclusion that streamlined light-weight 
trains may be used to advantage by the railroads of the United © 
States. Greater economy, higher performance, greater safety, — 
greater relative strength, and improved comfort will obtain by 
this radical departure from standard practise. 

The analyses of the various construction elements indicate the 
sound engineering upon which this development rests. Larger 
units of greater capacity to meet the varied requirements of — 
road operation may well be developed along similar lines. 
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Union 


Through press, radio, and films, the new Union Pacific 
trains which this paper describes are more or less well 
known. 

Briefly, the first or three-car? train was delivered in 
February, 1934, and, after a 15,000-mile tour, which ex- 
tended from the Atlantic to the Pacific, was placed on 
exhibit at The Century of Progress with a fourth car added, 
consisting of a Pullman sleeping car of the same structural 
design as the coaches. 

The second train consisting of six cars, three of which are 
Pullman sleepers, will be powered with a 900-hp Winton, 
2-cycle, Diesel engine and is now nearing completion at 
Pullman, Chicago. 

Two additional trains of similar construction are on 
order for late fall delivery. These latter trains will consist 
of nine cars, four of which will be Pullman sleepers and 
bedroom cars, and will be powered with Winton 16- 
cylinder, 2-cycle, 1200-hp Diesel engines. 


N THE FALL of 1932, W. A. Harriman, chairman of the 

board of directors, Union Pacific System, authorized a thor- 

ough research of the entire field of light-weight materials of 
construction, steamlining, power plants and transmissions, high- 
speed trucks, and related subjects. As a result, in May, 1933, 
the Union Pacific announced its purchase from the Pullman 
Company of a three-car articulated train, featuring aluminum- 
alloy construction, light-weight, radical streamlining, powered 
with a 600-hp Winton gasoline-type engine and capable of safe 
speeds of 90 to 110 miles per hour. 

The public release of this announcement was followed later by 
the announcement by the Burlington that it had ordered a some- 
what similar three-car train from the Budd Company in Phila- 
delphia. This has been completed and delivered, and has re- 
cently broken all previous records for non-stop run, average 
speed, etc. Several other roads, apparently motivated by these 
initial efforts toward better and faster rail transportation, are 
now giving serious attention to developments along similar lines, 
including the use of steam power as well as internal-combustion 
engines with electric drive. It may be expected that some of these 


1 General Mechanical Engineer, Union Pacific System. Mr. 
Fetters was graduated in 1891 from the course in mechanical 
engineering at Lehigh University, and then entered the employ of 
‘the Baldwin Locomotive Works. Later, he was appointed chief 
draftsman for the Erie Railroad, and in 1901 was employed in the 
mechanical department of the Union Pacific Railroad at Omaha. 
He was advanced to the position of mechanical engineer, and in 
1929 became general mechanical engineer of the Union Pacific 
System. 

2See “Light-Weight, High-Speed Passenger Trains,” by E. E. 
Adams, Mechanical Engineering, Dec., 1933, pp. 735 to 740. 
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Pacific High-Speed, Light-We 


By A. H. FETTERS,' OMAHA, NEB. _ 


developments will take concrete form in the near future. The 
New Haven road has announced purchase of a three-car high- 
speed light-weight train of aluminum-alloy construction from the 
Goodyear Zeppelin Company. It is quite evident that the de- 
mand of the public for faster and cheaper transportation by rail, 
which has been induced by the enormous growth of motor and 
air transport, will result in a wider adoption of the principles in- 
corporated in these newer trains. 

A general idea of the exterior appearance of the Union Pacific 
three-car train may be formed by reference to the photographs, 
Figs. 1 and 2. The clean-cut streamlining, including shrouded 
trucks, is in evidence. The front and rear ends approximate 
closely the tear-drop form. The skin surface, even at the points 
of articulation, is smooth and unbroken and the windows are 
flush with the exterior. The floor plan is illustrated in Fig. 3 which 
shows the allotment of space to power plant, mail, baggage, pas- 
sengers, and buffet. Fig. 4 illustrates the cross-section of the 
cars. The shape, size, and relation of many of the extruded 
aluminum-alloy sections that are used for the first time in a 
radical departure from conventional passenger-car construction, 
have been illustrated elsewhere? and will be described later. 

The entire train of three cars is 204 ft long. The cars are 9 
ft in width and 11 ft from rail to roof. The bottom of the tubu- 
lar body is 9'/; in. above the rail, and as the fuel and water and 
much of the equipment are carried below the floor line, which is 
3 ft from the rail, the center of gravity of the entire train is quite 
low, being 38 in. and 50 in. above rail, respectively, for coaches 
and power car. The overturning moment is thus materially 
reduced with consequent increase in safe speeds on curves, and 
without curve-consciousnéss on the part of passengers. The 
light weight of the entire train, including power plant, is approxi- 
mately the weight of a modern sleeping car. 


DESIGN AND CONSTRUCTION 


Structural Design. The car bodies are composed largely of 
two principal structural elements, namely, aluminum-alloy ex- 
truded shapes of appropriate sections, in combination with 


aluminum-alloy plates. These two structural elements are com- 
bined to form the car bodies by a novel technique developed by 
the car builders, which permits, where convenient, an interlock- 
ing of the structural members, whereby they are allowed to take 
their stresses more directly than if depending upon riveting en- 
tirely. In this manner the full stress value of the extruded sec- 
tions is taken advantage of, and material is saved. The result 
is a very strong and rigid tubular truss to resist vertical and 
transverse stresses, and also having a high ratio of strength to 
impact. That is, the material approximates mild steel in strength 
while the impact value of aluminum is about one-third that of 
steel. 

That deflection can be avoided in aluminum-alloy car struc- 
tures was demonstrated by the fact that when these car bodies 
were removed from the jigs and supported at ends only, the total 
deflection was 1/,. in., while the usual conventional steel-car body 
goes down from #/;. to '/, in. under the same conditions. The 
method of framing the car bodies is illustrated by Fig. 4. 

Interior Appointments. The interior of the coaches is lighted by 
a four-stage, indirect system, employing 200 ten-watt lamps 
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percoach. The interior deco- 
rative treatment is along sim- 
ple modernistic lines. The 
seats are of the reclining type 
and are provided with detach- 
able aluminum trays for buf- 
fet meal service. Later trains 
will have seats with these 
trays permanently attached, 
and folding into a recess in 
the seat back when not in use. 
The buffet in the rear of the 
rear car is provided with an 
oil-fired range, electric re- 
frigerator, and other conve- 
nient accessories. 

Materials of Construction. 
Thechoice of materials of con- 
struction consistent with se- 
curing light weight and neces- 
sary strength narrowed down 
to the aluminum alloys and 
the high-tensile, chrome- 
nickel steels. The decision 
was to use the aluminum al- 
loys for the entire car struc- 
tureexcepting the bolstersand 


articulation end castings, Fie. 2 Rear 


which are of nickel-alloy cast aa wh 

steel. There was a ten-year hashgomend on ‘this decision, in- 
cluding several million pounds of aluminum in actual car con- 
struction. The fabrication of aluminum as represented by its 
alloys has been the field for some very progressive development 
and rather novel methods of car construction. The most ad- 
vanced of these methods and designs is the use of extruded metal 
shapes which take the place of the usual rolled shapes and press- 
ings. Extruded shapes are produced by squeezing the metal 


RAILROADS 
O 
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through a steel die forming one end of the cylinder of a powerful 
hydraulic press. Under a temperature of approximately 900 F, 
the ingot will flow through the die under a fluid pressure in the 
ingot ranging from 45,000 to 60,000 Ib per sq in. 

The producers of aluminum, cooperating with the car builders, 
have been able to produce all the desired shapes outlined by the 
car designer with a relatively small outlay for dies, and such 
shapes are being made with tolerances varying but one or two 
thousandths of an inch from 
exact dimensions. This 
permits the designer to in- 
terlock various extruded sec- 
tions of such contours as to 
produce a car structure of 
minimum weight, maximum 
strength, also a minimum 
of deflection, inasmuch as a 
large moment of inertia can 
be secured with a relatively 
small area of metal, and a 
small amount of riveting. 
Aluminum plates are readily 
formed to the curved surfaces 
necessary for ideal stream- 
lining. 

There is much new research 
and development taking place 
in the field of high-alloy steel 
as well as in the field of alu- 
minum alloys, and we may ex- 
pect to see improved ma- 
terials of construction for use 
with further reductions of 
deadweight in car construc- 
tion. This refers as well to 


oe 


freight as to passenger-carry- 
ing cars. 
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Articulation. Articulation between the unit cars in these 
trains was adopted from an economic standpoint in saving weight 
and reducing air resistance, while best meeting the requirements 
for the higher speeds and smooth riding qualities. Articulation 
has the same effect as lengthening the wheelbase of an automo- 
bile. It avoids the objectionable overhang of the conventional- 
type car, also the necessity for couplers, draft gears, and compli- 
cated vestibule arrangement, and prevents slack between cars. 
It prevents, except to a limited degree, the independent oscilla- 
tion of each individual car in the train. It permits carrying 
three cars on four in place of six trucks thus reducing weight, 
truck and air resistance, inspection, maintenance, and construc- 
tion cost. Articulation is effected by attaching an extension 
casting to each adjoining end sill, these castings terminating in 
center plates which nest one on top of the other. These in turn 
rest in the truck center plate. A king-pin locks all three plates 
together. Anti-friction metal is inserted between plates to re- 
duce friction. A maximum curvature of 17 deg is provided for. 

Side bearings of special design are spaced each side of the cen- 
ter plates. They employ the use of rubber which is brought 
into shear if a car tends to lurch. This deadens oscillation and 
contributes its share toward stable action and smooth riding. 

The front or power truck is of the four-wheel equalized type, 
with outside roller bearings to allow room inside the wheels for 
motor suspension. The use of alloy cast steel saved some weight, 
but subsequent trains will have power and other trucks of welded 
steel plates after the Lukenweld method, resulting in still stronger 
and lighter designs. The motor wheels are 36 in. in diameter 
and are mounted on SKF roller bearings. Each axle carries a 
300-hp ventilated motor of the suspended type. Armature 
shafts are on roller bearings, geared approximately 1 to 2. The 
armature is banded for maximum safe speed of 110 miles per 
hour. The remaining three trucks are of the modified Hirshfeld 
type, employing the liberal use of rubber for suspension and shock 
absorption. The so-called rubber doughnuts are used in shear 
and their chief function is to absorb the dynamic shock of wheels, 
axles, and boxes, and prevent this shock from being transmitted 
to. the truck frame and thence to the car body. Helical springs 
are used in parallel with the rubber doughnuts to carry the greater 
part of the static load. A swing bolster, also snubbed by rubber, 
rides on elliptic springs. The desirability of having trucks with 
improved riding characteristics at speeds of 90 to 100 miles per 
hour must be apparent, and the results obtained, after a few 
minor adjustments, have been quite satisfactory. There is a 
notable reduction in noise transmitted to the car, and brake ap- 
plications are scarcely noticeable. Rolled-steel wheels, 33 in. 
in diameter, are used on these trucks, while the axles are pro- 
vided with SKF roller bearings inside the wheels. Inside bear- 
ings were selected to minimize the wheel-lifting effect and to re- 
duce air resistance. All roller bearings were selected deliberately 
oversize for the load and speed requirements. 

Streamlining. The practise of streamlining the exterior of 
fast-moving vehicles to reduce power consumption due to air 
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drag is not entirely a recent idea or practise, though much of the 
art and results are rather recent. Thirty years ago the writer 
assisted in designing the first McKeen rail-motor car. The body 
of this car was streamlined to a marked extent even at that period, 
and all subsequent McKeen cars were streamlined. It is con- 
fessed now that they were streamlined backward because the 
tear-drop ends were really reversed. However, that was before 
the day of wind tunnels and aerodynamic laboratories, and I now 


comprehend why these early McKeen cars would run faster | 


when backing up. The coming of the wind tunnel and the aero- 
dynamic laboratory has resulted in a vast amount of practical 
knowledge in the art of streamlining of aircraft, much of which is 
applicable to our problem. However. there are certain funda- 
mental differences in streamlining a plane or dirigible in free 
flight and a rail vehicle subject at all times to the effect of ground 
drag. Streamlining the exterior of fast-moving vehicles has re- 
cently been receiving serious attention in the automotive field, 
as well as by railroads. There are a number of recent examples 
of streamlined unit cars and trains, both here and abroad, and 
wherever it has been scientifically applied, it has resulted in sat- 
isfactory power reduction at high speeds or has permitted higher 
speeds. The application of streamlining is of primary impor- 
tance when applied to cases where the power supply must be 
limited, as in gas- or oil-electric practise. Reduction of air drag 
through careful attention to streamlining was given extended 
research in connection with designing the exterior shapes of the 
Union Pacific high-speed trains. They were, in a sense, born in 
the wind tunnel. Preliminary scale models of the first train were 
tested in the University of Michigan, Ann Arbor, wind tunnel 
under a competent staff. Much of the work was done to 90-mile 
air speed in order to avoid the error of ratios, and to secure data 
corresponding to running speeds. As the tests progressed, it was 
found necessary to reject the preliminary work, as assumptions 
that applied to testing aircraft models were found to need re- 
vision where ratio of length to cross-section, the element of ground 
drag, and other elements relative to the train model, were some- 
what different. The work consisted of a series of approximations 
and occupied several months. After all suggested practical re- 
finements in the model had been made, final measurement of the 
drag was made in the wind tunnel and applied to the proposed 
train by the use of a conservative scale factor. 
that the train, traveling at 90 miles per hour, would have a total 
wind drag of approximately 900 lb, therefore requiring 216 rail hp 
or 270 bhp to take care of this factor. All mechanical resistances, 


due to journals, flange, rolling, etc., were estimated by the best — 
available formulas, at approximately 800 Ib at 90 miles per hour. — 


The total calculated resistance was therefore approximately 


1700 Ib at 90 miles, which calls for 408 rail hp or 510 bhp. These — 


figures have since been closely verified in a series of road tests 
where electrical-output readings were recorded in various runs 
for several days, while air-brake stopping tests were also being 
recorded. As the highest engine output was 680 bhp, of which 
635 was available to the generator, the balancing speed is some- 


This indicated | 
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per hour. 


what above 90 miles per hows, appeesimetely 
93. The specification called for a balancing speed 
of 90 miles per hour. 

The side-entrance doors, when closed, are flush 
with the exterior, and are in combination with 
steps that fold up or down as needed. Baggage 
and mail doors are of the flush-sliding type. 
Electric signals afford communication between 
train crew and motorman. A powerful headlight 
is streamlined into the cab roof and includes 
the use of a vertical light beam in addition to 
the horizontal beam, for added safety. Marker 
lights and tail lights are flush with the body and 
every effort has been made to avoid projection 
that would cause wind resistance. = 

Wind-tunnel experiments on the scale model 
indicated a decided reduction in drag by shroud- 
ing around the trucks, and recent running tests 
with and without these truck shrouds in place 
showed a net increase of 4 miles per hour at 
the higher speeds with the truck shrouds ap- 
plied. This corresponds to about 70 bhp at 90 


Power Plants. For the first or three-car train 
the power plant consists of a distillate-burning 
engine of the carbureting type, developed by 
the Winton Engine Company. It isa 12-cylinder, 
_ V-type engine with cylinder 7'/,-in. diameter by 
 §'/,-in. stroke, rated at 600 hp at 1200 rpm, and 


weighing 16lbperbhp. The entire engine frame, 
including crankcase and water jacket, is of 


limit at 130,000 Ib per sq in. and 300 Brinell. The distillate fuel 
of 36 gravity is handled by special-type carbureters, of the mul- 
tiple-jet, fixed-air-ratio type, one to each cylinder, attached di- 
rectly to the cylinder head with no manifolds. Atomization of 
the fuel is accomplished without application of heat. The fuel 


is supplied to the carbureters by electric-driven turbine pumps 


with gravity return to fuel tank, and as floats and needle valves 
are not used, there is no surplus fuel carried in the engine room. 
Sufficient fuel is carried for a 1200-mile run. 
The cooling system is new. The radiators are suspended under 
_ the roof and two power fans, taking their air supply through the 
grilled openings in the front end, dump the air into the tight en- 
_ gine room which is thus under pressure. The air escapes through 
_ the radiator into a slot in the roof, surrounding the exhaust pipes 
and muffler. This inside cooling system was desirable to meet 
_ the high-speed requirements with minimum resistance, and has 
_ proved satisfactory. It also results in a slight supercharging 
effect on the engine. 
The motorman is located in an elevated cab convenient to 
_ instrument panels and controls. He has a wide range of vision 
and the cab is insulated from power-plant noise. On the panel 
board he can check engine speed and temperature, oil pressure 
_ and viscosity, and electrical output. Throttle, controller, brake 
_ valve, and other operating controls are conveniently located. 
The brake valve includes “dead-man’s” control, although a 
second man is carried in the cab. 
The generator is connected to the front end of engine shaft 
through a flexible coupling and takes the full output of engine. 
The current, through remote control, leads to the two 300-hp 
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traction motors, suspended and geared to the front-truck axles 
through a one- to two-gear ratio. The motor armatures are 
carried on roller bearings. There is a 25-kw auxiliary generator 
at 76 volts, belt driven from the main engine. It supplies cur- 
rent for battery charging, lighting, air conditioning, and air com- 
pressor. An additional engine-generator set is carried for ser- 
vice when the main power plant is shut down. 

The power plant for the second or six-car train will consist of 
the Winton 2-cycle, 12-cylinder V-type Diesel engine, rated at 
900 hp at 750 rpm. The cylinders are 8 in.-diameter by 10 in.- 
stroke. This engine is constructed on the “uniflow’’ principle, 
having four exhaust valves in each head, which permits a rapid 
discharge of residual pressure and allows a very complete scav- 
enging. ,Cylinders are ported at the bottom of the stroke for 
the intake of air for scavenging and loading for the compression 
stroke. This air is supplied at about four pounds pressure by 
a gear-driven Root-type blower with spiral vanes. By this de- 
sign of engine, each part of the cylinder is kept at a practically 
uniform temperature, and so-called thermal eccentricity, with 
its attendant heat stresses, is largely avoided. The engine, on 
the test block, has shown a fuel rate of 0.038 Ib of fuel per bhp-hr, 
in contrast with 0.72 lb for the 600-hp gasoline-type engine on 
the first train. In each case the fuel was the same, namely, 
Parco distillate. 

Solid fuel injection is by means of a highly developed fuel in- 
jector on each cylinder, of extreme metering, timing, and throt- 
tling precision, allowing a wide speed-load range with smokeless 
exhaust. This allows the train speed to be regulated by the 
throttle. 
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For auxiliary electric power, a 4-cylinder, 2-cycle, 5-in. by 7- 
in., Diesel engine will be installed. It is built on the same prin- 
ciples as the main engine. The electric transmission will be simi- 
lar to that on the first train except that the entire front car will 
be devoted to power and auxiliaries, and there will be four 
traction motors mounted on the first and second trucks. The 
cooling system will be as described for the first train. 

The power plant for the nine-car trains will consist of the Win- 
ton 2-cycle, 16-cylinder, V-type Diesel engine, rated at 1200 hp 
at 750 rpm. The general design is similar to the V-12, with the 
same-size cylinders. There will be two 5-in. by 7-in. auxiliary 
Diesel engines installed on these trains, with a total electrical 
output of 150 kw. The entire output of the main power plant 
will be available for traction. ‘The performance of the 900- and 
1200-hp trains is rated as equal to or slightly better than that of 
the first train. 

Braking System. The problem of arresting 54,000,000 ft-lb 
of energy at 90 miles per hour in the space of 40 sec, or about 
half a mile, brings us to the braking requirements of these high- 
speed trains. To meet the requirements of making stops from 
speeds of 90 and even 100 miles per hour within standard dis- 
tances, it was necessary to develop an entirely new braking sys- 
tem, which has been successfully accomplished by the air-brake 
companies. The action of the air brake at these higher speeds 
had not been explored and was largely a matter of conjecture. 
Heretofore, uniform brake retardation was not possible due to 
the fact that the coefficient of friction between brake shoe and 


valve, controls the brake-cylinder pressure accurately in propor- 
tion to the retarding effect. If retardation exceeds the safe de- 
gree, the sliding weight automatically reduces the braking effect. 
This reduction continues until, just before rest, there is just 
enough air in the brake cylinders to stop the train without lurch or 
jar. In recent road tests this brake made service stops from 90 
miles per hour in 2745 ft. This compares with a service stop of 
3000 ft with the usual U.C. brake from 60 miles per hour. If 
we square these speeds for the energy effect, the effectiveness of 
the new brake can be appreciated. 

The air brake described is a complete departure from conven- 
tional practise, both in its air circuit and in the design of the 
valves and parts. The pneumatic feature is based on a two-pipe 
circuit, consisting of a supervisory line and a control line. The 
supervisory line distributes air to the reservoir under each car 
and charges to maximum pressure at all times. In conventional 
brakes the reservoirs cannot be charged during brake applica- 
tion. The purpose of the control line is to apply or release 
brakes by admitting air to the pneumatic relay valve under each 
ear. This valve controls communication between each brake 
cylinder and its adjacent reservoir, or, from the cylinder to the 
atmosphere. The control line passes from the engineer’s brake 
valve through the decelerometer valve to each relay valve. Paral- 
lel to this pneumatic circuit lies an electrical circuit which 
operates a magnetic control feature in each pneumatic relay 
valve. This not only synchronizes but accelerates all brake ap- 
plications and releases. The result is a brake of exceptionally 
quick and sensitive response, and a retardation rate of 3 miles 


wheel varies widely with speed, decreasing rapidly at the higher 
Po where it is most needed. While this coefficient may be 
_ 25 per cent at very low speeds, it fades out to probably 5 per cent 
- at 100 miles per hour. While very high percentages of braking 
_ power would be safe at the higher speeds, they would become 


per hour per second is possible. 

Air Conditioning. The trains are completely air conditioned, 
and the air for both heating and cooling is transmitted by means 
of three ducts, one extending along center of the ceiling and one 


dangerous as the speed decreased and the coefficient of friction 
between shoe and wheel gradually increased. A point would be 
reached where the wheels would lock. It would not be safe to 
trust the judgment of the enginemen to graduate the cylinder 
pressure down as speed fell off. In this new brake, in either 
service or emergency, a very high initial braking percentage is 
used. 

The brake-cylinder pressure is then automatically controlled 
in proportion to speed by means of a very simple retarda- 
- tion control principle, incorporated in an instrument called a 
_ decelerometer. This instrument consists essentially of a sliding 
weight of about 100 lb, sensitively mounted on ball-bearing 
rollers, and arranged to move in the line of motion of the train. 
It is suitably restrained from initial motion by a calibrated spring. 
This weight, acting through suitable leverage to a pneumatic 


on each side at floor line. In the three-car train these ducts ex- 
tend the full length of both coaches and lead to the air-condition- 
ing plant in the baggage compartment. They are provided with 
insulated flexible connections between cars. In summer, the 
cooled air is distributed through the ceiling duct, while the floor 
ducts are used for exhaust. In winter, the heated air, after 
passing through the automatic oil-fired heaters, is distributed 
through the floor ducts, while the ceiling duct is used to take out 
the vitiated air. All ducts are handled by power fans, making 
circulation positive and complete. Temperatures are automati- 
cally controlled by thermostats located in the coaches. The 
amount of fresh air is manually controlled and freon is used as 
the refrigerant. The car bodies are insulated throughout with 
2 in. of Rockfloss, a fireproof material of high insulative and — 
sound-deadening properties. 
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the weight or weights required to eliminate vibration in a 
rotating mass. 


{iy PURPOSE of the present paper is to demonstrate a 
method that can be applied easily to the results of tests 
on the dynamic-balancing machine, in order to obtain the 

location and magnitude of the weight or weights necessary to 
eliminate vibration in the rotating mass under test. The type 
of balancing machine considered is well represented by the 
Lawaczek-Heymann apparatus, which is extensively used 
this country, and is deseribed in vibration literature.?:*-4 
Professor Karelitz has offered a solution of this problem‘ based 
on the application of a device consisting of four adjustable scales 
on a common pivot. The method is a trial-and-error one and 
involves considerable preparatory drafting on the “log of balanc- 
ing,” especially in the case of unequal trial weights. 


in 


The present 


method requires only a few elementary geometrical constructions 


and gives almost immediately an accurate result. 

In Fig. 1, O is the center of the balancing log and the vector 
OP represents the unknown centrifugal force which is to be 
balanced; the vectors OA, OB, and OC represent the centrifugal 
forces introduced by the trial weight applied successively at each 
of the three necessary measurements on the machine. 
sultant centrifugal force for each case, obtained by adding OA, 
OB, and OC to OP, is represented by OA’, OB’, and OC’. Noth- 
ing is known about these three latter vectors except the fact that 
their lengths are proportional to three numbers (say m, 


the balancing test. 


It is easy to see that the triangle A’B’C’ is equal and — 


parallel to triangle A BC and can be superposed upon it by a trans- 


1 Assoc.-Mem. S.M.E. After discharge from military service 
in 1918, Mr. ~arsoe studied mathematics and physics at the xo 
versity of Simferopol, Crimea, and subsequently at the University of 
Czernowitz in Bukovina. In 1921 he entered the Czech Polytechnic of 
University in Prague, Czechoslovakia, and in 1927 was graduated with 
the degree of mechanical engineer. In Czechoslovakia Mr. Brom- 
berg was employed in the design of turbines, pumps, cranes, etc. 
with several engineering and manufacturing firms. In the United 
States he was associated with the Gurney Elevator Co., New York, 
N. Y., during 1929-1930 and later until August, 1931, with the 
Foster-Wheeler Corp., Carteret, N. J., on the design of centrifugal- 
pump machinery. 

2“Vibration Problems in Engineering,’’ by 8. Timoshenko, pp. 
44-47. 

3 “‘Dampf- und Gasturbinen,”’ by A. Stodola, fifth or sixth edition, 
pp. 351-357. 

4Field Balancing Rotors at Operating Speed, 
Power, Feb. 7 and 14, 1928. 
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by G. B. Karelitz, 


In this paper the author presents an accurate and easily 
applied method of determining, from the results of a 
dynamic-balancing test, the location and magnitude of 


The re- 


n, 


representing the amplitude of the horizontal vibrations of the — 
bearing nearest to the tested end of the rotor, as observed during — 


lation whose direction and length are given by A’A, B’B, or C’'C. 
If point O is assumed to undergo the same translation, it will then 
occupy the position where 00" = A’A = 
balance the rotor at the tested end. Further, it is evident that 
O”’A and OA’, O"B and OB’, and O”C and OC’, are respectively 
equal and parallel. Therefore, since OA’/OB'/OC’ m/n/p, 
it is also true that O”A/O"B/O”"C = m/n/p. Points A, B, and 
C are given by the magnitude and successive locations of the 
trial weight, and, if O” can be so located as to fulfil the propor- 
tion last given, then OO” represents the required balancing weight 
and the problem is solved. 

It is evident that O” lies at the intersection of: 


(a) The locus of points whose distances from A and B have 
the ratio m/n 

(b) The locus of points whose distances from B and ( have 

the ratio n/p 

The locus of points whose distances from C and A have 

the ratio p/m. 


B' 


ec 
= —0OP, and 00" represents the additional weight necessary to 


Fic. 1 


Each of these loci is a circle whose center lies upon the line joining 
the two points from which O” is distant in a specified ratio, and 
which cuts this line at those points which divide it, internally 
and externally, in the specified ratio.® (For a proof of this 
theorem, see Appendix 1.) Hence, the solution of the problem 
requires only that these three circles be drawn and their common 
intersection noted. 

In Fig. 3 the complete construction has been laid out, based 
on the data of the first example in Professor Karelitz’s paper,‘ 
wherein equal test weights of 23 oz were used. The vectors 
OSa, OS», OS. represent the magnitude and angular positions 
of these weights. The corresponding vibration amplitudes were 
0.0030 in., 0.0021 in., and 0.0019 in., respectively. The re- 
quired paint O” lies at the intersection of any two of the three 
loci of points whose distances 


5 “Regelung der Kraftmaschinen, ” by M. Tolle, third edition, 
1921, pp. 366-367. 
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from Se and S, are in the ratio of m/n = 30/21 
from S» and S- are in the ratio of n/p = 21/19 1a) ap 
from S- and Sa are in the ratio of p/m = 19/30 


All three circle-loci are drawn in order to check the accuracy 
of the construction on the basis of all three loci passing through 
the same point or points. Furthermore, the graphical construc- 

tion for determining the diameters and centers of the loci is shown 


' a in detail, using the methods explained in Appendix 1 and, as far 
as possible, the notation of Fig. 2. The circles intersect at 0”; 
and O”:, and vectors 00"; and OO", give the magnitude and 


It is to be noted that two solutions are obtained, which are 
both valid from a purely mathematical point of view—a cir- 
cumstance which seems to have escaped notice in previous at- 
tempts to solve this problem. It is necessary, therefore, to find 
out which solution is physically correct, and this can only be 
done by means of a supplementary measurement, usually ob- 
tained by finding the amplitude of vibration with no trial weight 
applied. 

The distance O")Sa in Fig. 3 (corresponding to O’A or OA’ 
in Fig. 1) was found to be 94 mm on the original drawing, 
while 00", = 104 mm, and since the amplitude of the test cor- 
responding to OSa was 0.0030 in., the amplitude due to initial 
unbalance alone would be 0.0030 X 104/94 = 0.00332 in. For 
the other solution, O"»S2 = 41.5 mm and OO", = 20.5 mm on 
the original drawing, so that the amplitude due to initial un- 
balance alone would be 0.0030 X 20.5/41.5 = 0.00148 in. In 
the case under consideration, the amplitude was, according to 
Professor Karelitz’s data, 0.0029 in. Accordingly, OO"; is the 
correct solution. 

Fig. 4 shows the solution for the second of Professor Karelitz’s 
examples (the coupling end of the rotor) using unequal test 
weights. The vectors OSa, OSs, OS- were obtained by addition, 
since two or three weights were actually used in each test. The 
two resulting vectors OO"; and OO"; are non-colinear, in con- 
trast with those of Fig. 3, apparently because unequal trial 
weights were used. (See Appendix 2.) A comparison of dis- 
tances OO"; with S:O”"; and OO", with S,O": shows the probable 
amplitude for the no-trial-weights test as 0.00244 in. and 0.00304 
in., respectively. The test value was 0.0029 in. and the choice 
is rather difficult. A new test with a trial weight, combined with 
the result of one of the former tests, would give one more circle, 
approximately passing through either O”; or O"; and so indicating 
the correct solution. 
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The vector OR in each of Figs. 3 and 4 shows the result obtained 
by Professor Karelitz. 


In view of possible applications of this method in other branches 


of physics, an anaiytical solution is outlined in Appendix 2. 


Appendix 1 


_ Given"points S and T in Fig. 2, it is required that we find the 
locus of points Q whose distances from S and T are in the ratio 
_f/g. Draw a line of indefinite length through S and T. Draw 
two parallel lines through S and T, laying off SE equal to f, 
and 7'F and TG equal tog. Draw ZG intersecting ST at U and 
_EPF intersecting ST, continued, at V; then SU/UT = f/g, 
SV/TV = f/g, and U and V are points on the required locus. 
If any point Q, not on ST’, lies on the required locus, then 

+ 


QS/QT = f/g = SU/UT and 
QS/QT = f/g = SV/VT 


From the first proportion it follows, according to a well-known 

theorem, that QU is the bisector of angle SQT; and from the 
second proportion, by the same theorem, QV is the bisector of 
the contiguous angle TQS’. Hence UQV is a right angle and Q 
lies upon a circle whose diameter is UV. 


To find the center of this circle, note that 


TO = '/(UT + TV) — UT = 1/,(TV — 


g* 
_ = ST 
Hence, by laying out f? on SE and g* on FT, connecting the 
end-points of the segments, and continuing this line to its inter- 


section with SV, O is located. Such a construction is used in 
Fig. 3. Another construction for the same purpose used in 
Fig. 3 and illustrated in Fig. 2 is to draw SK parallel to EF and 
intersecting FG at K, connect K with U, and draw FO parallel 
to KU, thus locating 0. Proof: TO/UT = FT/TK; and since 


g 
UT = ST 
f+9 


and 7K = f —g, we have 


Location of O by construction may become necessary in cases 
where, with the ratio of two of the numbers m, n, p closely ap- 
proaching unity, the outer end V of the corresponding circle di- 
ameter moves out of the drawing while it still may be possible to 
locate O within a reasonable distance from the inner end U. ss 


TO = ST 
— 


— 
— 
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Appendix 2 


Let the vectors OSa, OS», and OS. (Figs. 3 or 4) be represented 

by a, b, c, and their components along the x and y axes by az, 

ay: «obs, bys and c:, cy. Let the components of the unknown 

balancing weight be x, y. Then the components of the initial 

unbalance are —:x, —y, and the components of the resultant 

unbalance at each test are a: Z, ay y; b:—a2, by — y; 

The condition of proportionality of the resultant vectors to 

4 three given numbers m, n, and p gives the basic system of equa- 

tions 


V (ar — x)? + (ay — y)? ‘(b: — xr)? + (b) — y)? 


m n 


To find K, note that Equation [la] gives also 


= [(a. — x)? + (a, — y)? + (6: — x)? + (6, — y)* 
A _ ¥ (ce — x)? + (cy — + (ce — x)? + (ey — y)?*)/(m? + n? + 


which reduces to 
where Kis unknown. Squaring + y*) — — 
ae + |[(a? + b? + c?) — K(m? + n? + p’)] = 
where s: = a: + b: +c: and sy, = ay + by + ¢ 


(a, — + (ay — y)? _ — x)? + (by — y)? 


m? n? 


_ > Substituting the values of zr and y in Equations [3], in this 
_ (2 —2)* + — y)? formula, gives 
ee 2 AK?— BK +C =0 


Pp = 


2 


_ (ae — 2)? — (6: — 2)? + (a, — y)? — (by — y)? where = 3(e.? + e,) 


{ 
m? — (la) B + dyey) — 2(srey — syes) + (m? + n? + p*) 
3(d.? + dy?) — 2(s:dy — syd:) + (a? + b? + c?) 


which simplifies to 


After solving Equation [4], each of the values of K is to be 
aa substituted in Equations [3], giving two respective solutions for 
2(az — — by)y = a? — b? — K(m? — n?) x and y 
“sd Similarly p , It is easy to see that, when the trial weights are equal, the first 
; 7 determinants in the numerators of [3] vanish, so that 2, = 


— + 2(by — cy)y = b? — c? — K(n? — .. [2] t= —Keey; xn Kye:; ye = Consequently, 
: 
¢ +. The solution of these simultaneous equations for r and y may be 
written 
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Kffect of Skewing Pole Spacing 
Magnetic Noise in Electrical Machinery 


By S. J. MIKINA,' EAST PITTSBURGH, PA. 


_ The operation of rotating electrical machinery over a 
wide range of speeds often leads to the emission of intense 
magnetic hum due to resonant vibration of the machine 
frame at some speeds in the running range. The prob- 
ability of establishing a condition of resonance at least 
at one machine speed is quite high due to the fact that the 
machine frame is capable of vibrating in a relatively large 
number of normal modes of vibration, any one of which 
may be excited under certain conditions. It is shown 
that in cases where the electromagnetic disturbances 
arise from periodic variation of magnetic reluctance be- 
tween the poles and a slotted armature it is possible to 
reduce the resultant exciting force on a frame to zero by 
suitable disposition of the field poles with respect to the 
armature or vice versa, having regard both to the relative 
shapes of the poles and the slots and to the magnitude of 
the pole pitch. 


NE of the most objectionable noises in rotating electrical 
() machinery is the sc called “‘magnetic noise.”’ Its immedi- 
ate cause is the vibration of motor or generator frames and 
rotors by the action of periodic forces in the system which are 


of electromagnetic origin. The existence of such forces may be 
due, in a general case, to any one or all of the following effects: 


(a) Periodic change of magnetomotive force in the mag- 

; netic circuit, as in induction motors, for example? 
(b) Periodic change of reluctance in the magnetic circuit, 

due to slotting of stators and rotors 

(ec) Distortion of the iron circuit due to magnetostriction. 
- We shall confine ourselves in the present study to a relatively 
simple case of the second of these three effects, namely, vibration 
of frames due to the pulsating forces on the poles azising from 
periodic alteration of magnetic reluctance between each pole and 
a slotted armature. The frequency of such forces depends on the 
armature slot frequency and is usually of the order of several 
hundred cycles per second. Their magnitude is relatively small, 
however, with the result that the vibrations are of such small 
amplitude (of the order of 10-5 in.) that they can be measured 
only by highly sensitive electrical means. The question of such 


1 Mechanical Engineer, Westinghouse Research Laboratories. Jun. 
A.S.M.E. Mr. Mikina was graduated from the University of 
Michigan in 1930 with a degree in engineering mechanics and has 
since then been employed as a mechanical engineer in the Westing- 
house Research Laboratories. He has conducted researches in the 
field of acoustics, with special reference to mechanical vibration and 
noise in machinery, and has been engaged in the development of new 
products. In addition, Mr. Mikina is on the faculty of the Westing- 
house Design School as a lecturer in advanced dynamics. 

2‘*The Cause of Noise in Induction Motors,” by M. Riggersbach, 
The Brown Boveri Review, Sept.-Oct., 1933, vol. 20, no. 5. 
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frame vibration is for this reason of no particular importance in | 


connection with the problem of stress. 

The production of noise from such a source is of little sig- 
nificance in the majority of cases of industrial applications of 
electrical machinery. The generation of noise does not detract 
measurably from the efficiency of the machine, and there is usually 
present so much incidental noise from other sources that no 
objection can be raised against the machine noise proper for 
physiological or other reasons. There exist, however, a few 
fields of machine application in which it is of especial importance 
to avoid production of noise. Quiet operation, for example, is 
very essential in the case of generators and drive motors for sub- 
marine propulsion, in order to minimize the possibility of detec- 
tion of the craft by enemy sound-detecting devices. More 
commonly, the necessity for noise reduction in electrical ma- 
chinery arises in all applications where its functioning may 
subject individuals to distraction and annoyance over extended 
periods of time, as in the case of elevator drives or electrically 
propelled buses for example. 

In the absence of large disturbing forces the general problem 
of noise prevention reduces to that of avoidance of resonant vi- 
brations in a structure or its surrounding medium. In the case 
of constant-speed machinery this presents no particular difficul- 
ties if the disturbing forces are independent of any vibratory mo- 
tion that might be excited. It is then only necessary to design 
the machine so that none of its sonic natural frequencies of vi- 
bration coincide with any of the frequencies of the disturbance. 
In d-c motor applications, however, where operation over a wide 
range of speed is required, coincidence of natural frequencies 
with disturbance frequencies at some speeds in the running range 
is practically unavoidable, inasmuch as raising all the natural 
frequencies beyond the highest running speed would result, in 
general, in economically prohibitive machine proportions. In 
such cases, therefore, the only alternatives are either to place 
the machine in a sound-proof enclosure or to kill the noise at its 
source by eliminating the disturbing alternating forces. The 
former expedient usually brings with it the difficult problem of 
proper ventilation of the machine with no sound leakage and 
should be resorted to only when the economic situation involved 
indicates the desirability of corrective measures rather than pre- 
ventive ones based on a complete redesign of the machine. In 
installations where sound-proofing cannot be satisfactorily 
effected, however, there remains only the possibility of reducing or 
eliminating the disturbing forces which are at the root of the 
trouble. 

The means of accomplishing this result will depend in general 
upon the nature of the disturbance. The effect of periodic 
inertia forces, for example, may be nullified by the addition of 
other inertia forces of the proper magnitude and in the proper 
phase to balance the former. In the case of forces which arise 
as a result of the vibratory motion itself, as in self-induced vi- 
brations, balance may be secured only by the addition of forces 
which also are a function of the motion, such as viscous-fluid or 
electromagnetic damping forces. In the present problem of 
frame vibration the exciting forces are of magnetic origin and, 

3 “‘Self-Induced Vibrations,” by J. G. Baker, A.S.M.E. Trans., 
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since the frame motion is negligible compared with the air gap 
between a pole and the armature, they are independent of the 
vibration. They are, moreover, not localized in any definite 
point, line, or plane but are distributed over the entire face of 
each pole. Since the resultant disturbing effect on a pole is the 
sum total of the effects of individual forces distributed over its 
face, it is proposed therefore so to control and order this dis- 
tribution that the component effects will balance out completely 


over a cycle of force change and thus inhibit the production of 


noise at its source. 
Forces on A PoLe 


The force on any element of a pole may be resolved into a 
steady component and a component which is variable generally 
both in magnitude and in direction. Referring to Fig. 1(a) 


Fic. 1 Forcgs on a 


| SLOT PITCH 
al 


Fic. 2 Force on a SEcTIon 


the variable force at some element A of the pole face area may be 
represented by a moving vector whose terminus describes a closed 
curve Ca in space. The variable force at any other element, 
such as B, will similarly be given by a moving vector whose 
terminus describes a closed curve Cs. If now, having been 
given the motion of the pole in some mode of frame vibration, 
we wish to compare the respective effects of the forces at A and B 
in maintaining this motion, we cannot do so until we know 
their magnitude and their phase, both in relation to themselves 
and to the pole motion. In the case of pole-face elements 
selected at random, however, these phase relationships are not 
known nor can they be readily predetermined for a proposed 
design. 

The difficulty of determining what correspondence exists 
among the forces at various points of the pole may be surmounted 
in the following way: Instead of comparing pole-face elements 
such as those of Fig. 1(a), let us rather consider the forces acting 
on parallel strips extending from pole tip to pole tip perpendicu- 
larly to the axis of the machine, as A’ and B’ in Fig. 1(6). The 
advantage of choosing such “‘directed” pole elements is that the 
phase relations among the resultant forces acting on their re- 
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spective strips can be determined with fair accuracy simply 
from geometrical considerations, even though the distribution 
along a given strip of the components of its resultant may not 
be known. Let, for example, the configuration of armature slots 
and teeth under the pole strip A’ be as shown in Fig. 2. At 
the instant the armature occupies the position indicated, the pole 
strip is acted upon by magnetic forces distributed over its entire 
length, and the combined effect of these forces may be repre- 
sented by that of a single resultant force R situated in a definite 
line of action. It will be convenient for future discussion to re- 
solve R into a tangential component Rr and a radial component 
Rr, referring both to the radial centerline of the pole. 

During succeeding instants both the position of the line of 
action and the magnitude of R will change continuously with 
the change of position of the armature relatively to the pole. 
One cycle of this change will obviously be completed when 
the armature turns from the given position through the angle 
subtended by one slot pitch at its periphery, because at the end 
of this rotation the geometry of teeth and slots under the pole 
will be exactly identical with that of the initial position. It 
is further apparent that if the pole is inclined tangentially with 
respect to the armature slots, or if the slots are inclined with 
respect to the pole, i.e., if we deal with a “‘skewed’’ pole or 
armature, the changes in the relation of teeth and slots to the 
pole under each elementary pole strip will be displaced in phase 
among the different strips by an amount directly proportional 
to the relative skew. If, for example, the extreme ends of a pole 
are displaced tangentially a distance of one slot pitch relatively 
to each other, then in this condition the configuration of teeth 
and slots under the ends of the pole will be identical with that 
in an unskewed armature and we may say, therefore, that the 
resultants of the forces acting on elementary strips of the pole 
at each end will be in time phase. Or, more strictly, if the 
direction of armature rotation is as shown in Fig. 2, the re- 
sultant force at the far end of the pole will lag behind the re- 
sultant R at the near end by 27 radians. If these are not simple 
harmonic forces, we may separate each resultant into its har- 
monic constituents, and the phase displacement between cor- 
responding harmonics at the pole ends will be 27n radians, where 
n is the order of the harmonic involved. 

In the present problem it will be sufficient to consider only the 
fundamental component of Rr and Rr. Observed frame vibra- 
tions always have been of the frequency of the fundamental, 
and the higher harmonics of the force can therefore be omitted 
from any discussion of energy input to the vibration since they 
do no work upon it. We may therefore replace Re and Rr 
by the projections, upon a line, of rotating vectors whose lengths 
are equal to the respective magnitudes of the fundamental com- 
ponents of Rr and Rr. 

In the case of straight-line skewing, the phase of the force 
vectors will vary linearly from one end of the pole to the other. 
To simplify the discussion, we shall refer, from this point on, to 
the case in which only the pvule is skewed, although it must 
be kept in mind that the analysis is equally applicable to the 
case of skewed armature slots under an unskewed pole. If we 
designate by C the fraction of a slot pitch through which the pole 
is skewed, the forces at opposite ends will differ in phase by 
2xrC radians, and the phase of a force at any strip z units distant 
from the near end with respect to the force at that end, as in 
Fig. 1(b), will be 


where | is the length of pole parallel to armature. This relation 
holds independently of the load on } the machine or the amount of 


radians 
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Let the radial force per unit length of the pole be R and the 
tangential force 7’. The forces on the near end strip which is dz 
units wide may then be written as = ae 


= Raz sin wt 
an 
Rr = Tdz sin (wt + a) 


where w is the angular frequency of the rotating vectors and a 
is the phase angle between the radial and tangential forces. 
. The forces at any strip x units from the end will therefore be 


2rCz 
2 
and 


7 Rr = Tdz sin (. +a— 


‘The minus sign before 27Cz/l indicates that the pole end chosen 
for reference is situated with respect to the rotating armature 
like the near pole end shown in Fig. 2. 

The effect of these forces on exciting and maintaining vibra- 
tion of the frame depends on the work they do upon the motion 
of the pole. The pole motion in turn depends upon the con- 
figuration of the frame during vibration. We shall therefore 
proceed to a discussion of the modes of vibration of a field pole 
frame. 


Rr = sin (. — 


Mopes cF FRAME VIBRATION 

An extended elastic body is capable of vibrating in a large 
number of normal modes of vibration. The number of modes 
which is of any importance in a practical problem is limited, 
however, by such factors as range of frequencies covered, energy 
input to the vibration with given forces, and effective damping 
for the various modes. In the case of motor or generator frames 
the question of modes of vibration is further simplified by the 
presence of a discrete number of lumped pole masses which con- 
stitute the principal masses of the system. Since these masses 
are symmetrically distributed around the frame and inasmuch as 
the disturbing forces are similarly distributed, we should expect, 
a priori, that only those modes would be of importance which 
would involve symmetrical motion of the pole masses, providing 
the frame were of uniform rigidity throughout. This was veri- 
fied by measurements made on the frames of recently constructed 
submarine propulsion motors. On the basis of these measure- 
ments, and with the aid of some obvious extrapolation, we may 
classify these modes as follows: 

In a general case the number of nodes in any mode will de- 
pend on the number of poles. We shall consider an eight-pole 
frame as an example. 

First Mode of Vibration. In this mode the poles are situated 
at the antinodes and move in a purely radial direction, as shown 
in Fig. 3(a). Each pole moves parallel to itself throughout 
‘the motion, and the movements of adjacent poles are out of 
phase. 

Second Mode. In this mode the poles are situated at the nodes 
of the frame vibration and rotate from side to side as the slope 
of the elastic line of the frame at the nodes changes during the 


motion. The configuration of the frame in this mode is shown 
in Fig. 3(b). 
Third Mode. The next in the order of appearance is the mode 


of Fig. 3(c). In this mode the poles are again at the antinodes 
of the frame motion. A peculiar characteristic of this mode 
is that the poles do not move radially as a whole but that each 
one rotates in a radial plane about a tangent to the frame cylinder 
midway between its ends. The ends of each pole move out of 
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phase, and the motion of adjacent poles is also out of phase. — 
The frame is thus divided into sections by nodal lines parallel — 
to the armature axis and by a nodal circle which cuts the frame _ 
in two. 

Fourth Mode. ‘The last mode of any importance here involves 
simple extension and compression of the frame, with practically _ 
no bending. The frame undergoes periodic changes in its — 
diameter, remaining nearly circular during the entire motion _ 
however, as shown in Fig. 3(d). The poles move in a purely — 
radial direction, as in the first mode, and the motions are all in | 
phase. 
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Knowing the motion of the poles in the various modes of vi- 
bration and the distribution of the periodic forces along the 
length of a pole, we are now in a position to evaluate quanti- 
tatively the effect of these forces on the excitation of the frame 
vibration. A direct measure of this effect is given by the energy 
input to the vibration by the forces in question. We shall 
therefore proceed to calculate this energy input for each of the 
four modes described above. 


Errect oF SKEWING oN Enercy Input To First MopE 


The radial motion of the poles in this mode can be sustained 
only by the action of the radial components of the forces on the 
pole. 

The force on an elementary strip of the pole z units distant 
from the pole end is Re = Rdz sin (wt —2xCz/l). The motion 
of the pole may be represented by 


6 = d9sin (wt — [4] 


where « is the phase angle between the motion and the force at 
the end of the pole (where z = 0). The work which Re does on © 


The total work done by the forces of all the elementary pole 
strips on the pole motion is given by integrating Equation [5] 
over the entire length of the pole, thus: 


= ¥ sin (.« — 
0 0 
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ds 
V = Rre- dt = Rdz sin | wt — —— 
0 dt 0 l 
—— cos (wt — e)didz. . [6 
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sin 


2xC 


cos 2rC 


W = Rléor (sin € 


Equation [7] gives the energy input to the motion as a function 
of the amount of pole skew C and of the angle « which indicates 
the phase of each elementary force with respect to the pole mo- 
tion. The value of C is, within certain limits, completely at our 
disposal. The value of e«, on the other hand, depends solely on 
the condition of equilibrium of the magnetic forces, the spring 
and inertia forces, and the damping forces. In the case of reso- 
d nant vibrations excited by a single force this phase relationship 

can be readily deduced. At resonance the spring and inertia 
4 forces are in equilibrium by themselves and hence the applied 
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force must be in opposition to the damping forces. In a case 
such as the present one, however, where the exciting forces are 
distributed over the entire length of a pole and are in various 
phase relations with each other, it is not readily apparent just 
what value ¢ will have at resonance. For our immediate pur- 
pose, however, it will be sufficient to consider only the worst 
possible condition, namely, when « is such as to make the ex- 
pression for W a maximum. This value of « is given by the 


relation 


Applying this operation to [7], we get finally for e 


For a given value of C this will yield two values of e, differing 
by w radians. For one of these values the applied forces will 
damp the vibration while for the other they will do maximum 
positive work upon the motion. This latter value has been 
plotted against C in Fig. 4. 

With « known, Equation {7] may be evaluated for the maxi- 
mum energy input to the vibration for any given value of C. 
This has been done for various values of C and the results are 
given in the graph of Fig. 5, in which the maximum W per pole, 
or rather a non-dimensional quantity W/Rli9 which is propor- 
tional to W, has been plotted against the pole skew C. Skews 
greater than one slot pitch are of no importance practically be- 
cause of electrical limitations. The calculation has been ex- 
tended to skews as large as three slot pitches only for reasons of 
academic interest. 

Although the graph of Fig. 5 is self-explanatory, it may be well 
to emphasize particularly the following points. The energy 


input at a pole to the vibration is maximum for zero pole skew. 
This can be appreciated even without the aid of any calcula- 
tions, for with unskewed poles the forces along a pole are all in 
phase and contribute most effectively to maintenance of the 
vibration. The energy input is zero, on the other hand, for poles 
which are skewed an integral number of slot pitches. Of greatest 
practical significance in this respect is the fact that the input is 
zero for a skew of one slot pitch specifically. Poles may be 
skewed this amount in practise without interfering appreciably 
with the usual requirements for commutation, and by doing so 
it is possible to prevent the excitation of this particular mode of 
vibration. Similar remarks apply to the case of skewed armature 
From the point of view of cost, skewing of slots may in 
some cases be preferable to skewing of poles. 

The expression for work input given in Equation [7] had been 
obtained by purely formal analysis, no explicit use being made of 
the vectorial nature of the quantities involved in its derivation. 
It is possible, however, to obtain an analogous expression for this 
work by operating directly with the force vectors as such. The 
method has the advantage of being more readily visualized. 
The vectorial treatment of this problem is also of some academic 
interest because it involves the combination of infinitesimally 
small vectors differing in phase among themselves continuously 
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or discontinuously according to some given law. For these 
reasons therefore we shall give a short exposition of it in the 
following section. 


VECTORIAL SOLUTION OF PROBLEM OF WorK INPUT 
To First 


The component of the radial force acting on each pole-face 
element which is of the same frequency as the frequency of the 
vibration may be represented by a rotating vector whose length is 
equal to the maximum value of this force. The projection of this 
vector upon the radial centerline of the pole will represent the 
instantaneous value of the radial force. At a given instant, the 
rotating vector acting on each element along the pole will have a 
certain direction with respect to some chosen direction of refer- 
ence and for straight-line skewing this direction will vary linearly 
from one end of the pole to the other. For a pole skewed a quar- 
ter slot pitch, for example, the force picture is as shown in Fig. 
6(a). The termini of the vectors lie on a cylindrical spiral which 
turns through 90 deg in the distance equal to the length of the 
pole. 

Instead of dealing with each force vector individually, it is 
proposed to combine them all into a single resultant force. 
Fortunately, the nature of the pole movement in this mode is 
such that this can be easily done. The important thing about 


the pole motion in this respect is that it is entirely radial and that 
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the pole remains parallel to itself throughout the entire motion. 
Since each elementary section of the pole moves in the same 
direction and with the same amplitude, in other words, since the 
point of application of each elementary force moves in the same 
direction and with the same amplitude, it is immaterial, as far 
as the final result is concerned, whether any arbitrarily chosen 
elementary force is considered as acting on its own pole-face 
element or on some other element. That being the case, we may 
slide all the vectors distributed along the length of the pole into 
some one section, say the end section of the pole, and then deal 
with them as with coplanar vectors. 

If the pole is divided into a discrete number of elements of 
equal width, the coplanar picture of the force vectors acting on 
the pole will consist of a similar number of vectors of equal 
length, with equal angles between any two adjacent vectors. 
The force vectors of Fig. 6(a), for example, will appear as in Fig. 
6(b) when brought into one plane. These coplanar vectors may 
now be replaced by a single resultant. To find this resultant 
use is made of the well-known rule of placing the component 
vectors end to end and connecting the origin of the initial vector 
with the terminus of the final one. The vectors of Fig. 6(b) 


are thus summed up as shown in a reduced scale in Fig. 6(c). 
In the case of straight-line skewing, division of the pole into a 

finite number of elements will give only an approximate picture 

In order to represent the existing situa- 


of the actual condition. 


(b) (c) 
Fic.6 APPROXIMATE DISTRIBUTION OF FORCES ON A QUARTER-PITCH 


SKEWED POLE 


tion exactly, it is necessary to divide the pole into an infinite 
number of infinitesimally small elements. Let us consider now 
what will happen to our representation of Fig. 6 as we proceed 
to cut up the original discrete number of elements into an ever 
larger and larger number of slices. As the width of an element 
is decreased, the force on the element, being proportional to its 
area, will also decrease. The vectors of Fig. 6(b) will therefore 
decrease in length with an increase of their number in the quad- 
rant, and, in the limiting case of infinitesimal vectors, this quad- 
rant will shrink to a point. From the point of view of Fig. 6(c) 
however, increasing the number of pole elements is equivalent to 
dividing each of the vectors of the figure into a correspondingly 
large number of smaller vectors. As these smaller vectors are 
recombined the force polygon becomes “smoother,” and in the 
limiting case of infinitesimal vectors it becomes a continuous 
curve. A representation for infinitesimal vectors analogous to 
that of Fig. 6(c) will therefore appear as in Fig. 7(a). In order 
to find the resultant of the vector sum of such infinitesimal 
vectors, we proceed as follows: 

It is necessary first to find the nature of the curve which forms 
the force polygon of the vectors. This will depend in general on 
the variation in phase of the forces along the pole. In the case 


; 
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of straight-line skewing the angle between the vector at the end 
of the pole and one z unit distant from the end is directly pro- | 
portional to xz. If, therefore, we let s, the distance along the © 
curve from its origin, represent also the distance from the end — 
of the pole to a force at an angle 6 with respect to the end force, — 
we may write 


The only curve which satisfies relation [10] is a circle. The | 
radius of the “force circle’ depends on the amount of skewing © 
and can be determined by the following relation: that the © 
length of the are subtended by the resultant force must be 
equal to the algebraic sum of the infinitesimal vectors along the 
entire pole. 


or 
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Fic. 7 Summation or INFINITESIMAL Force VecrTors 

If R is the radial force per unit length of pole, the algebraic © =: 
sum of the infinitesimal forces Rdz is Rl, where | is the length of — i: 
the pole; i.e., Sas 

Length of are = = 


If the pole skew = C slot pitches, then 


@ = and 
Aime RI 


With the radius of the circle known, the resultant force may 
be found by simply evaluating the length of the chord subtended 
by the given are. 
is given by the following expression: 


6 
2r sin — = 


P= 
2 


If the pole displacement is represented by a vector 5) making 
an angle 8 with P, the work done by P on do over a cycle of 
motion is 


P sin wligw cos (wt — 8)dt = Péiow sin 8... . [15] 


At resonance 8 = Substituting this in [15] together with 


the value of P from [14], we obtain 
Ww sin 


With the sign chosen so that W is always positive this equation 
represents the curve plotted previously in Fig. 5. Equation 
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{16] may be readily evaluated for any value of C with the ex- 
ception of C = 0, i.e., for an unskewed pole. As C approaches 
zero, W approaches a limiting value which may be found by 
multiplying both numerator and denominator of Equation [16] 
by wand then rewriting it as follows: 


Rly 
As C approaches zero, sin rC/xC approaches the well-known 


sin rC 


limit of the ratio of the chord of a cirele to its seit are as 


P=0 FOR C= 42,3, ETC. 
Fic. 8 Force Potycons ror Various Pots Skews 
the included angle approaches zero. This limit is unity, and 
hence for C = 0, W = Rliox. 

The device of combining infinitesimal vectors to find their 
resultant enables one to visualize readily the reason for zero work 
input when C is an iatogeal number. Referring to Fig. 8, when 
C = 1 for example, @ = 2x and our force polygon becomes a 
complete circle. The terminus of the polygon thus coincides 
with its origin and the resultant force on the pole is therefore 


AXIS OF POLE ROTATION IS 1 TO PAPER 
FRAME SECTION 


POLE 


« 


ARMATURE 


Fie.9 Pote Movement in Tarrp Principat Mopp oF FRAME 
VIBRATION 


zero. When C = 2, the force polygon consists of two super- 
imposed equal circles and the resultant is again zero, etc. Repre- 
sentative force polygons for several different pole skews are shown 
in Fig. 8 


EFFreEct oF PoLE oR SLoT SKEWING ON ENERGY INPUT 
To SEconpD 


The rotation of the poles in the second mode of vibration can 
be maintained only by the action of forces which have a moment 
with respect to the axis of rotation. Since the type of pole motion 
here is the same as in the first mode, i.e., the pole face, as a whole, 
moves tangentially and each element suffers the same displace- 
ment, the analysis for this mode becomes identical with that for 
the first mode. All the conclusions made previously regarding 
the effect of skewing on the energy input to the radial vibration 
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of the poles may be directly applied also to the vibration in the 
second mode. 


EFFECT OF SKEWING ON ENERGY INPUT TO ‘THIRD 
AND Fourta Moprs 
The rocking movement of the poles in the third mode is 
entirely in the radial plane and will be maintained therefore by 
the action of the radial forces on each pole. The axis of rotation 
of the pole was found by measurement to be tangent to the frame 
cylinder, as shown in Fig. 9. An element of the pole at a dis- 
tance x from the end will therefore suffer a displacement 6 which 


_ will have a radial component dr and an axial component 4a. 
If the pole turns through an angle @, then for sms displace- 


ments we have 


v 
| 
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The effect of the existence ot the axial component 54 may be 


twofold: 


1 If axial forces on the pole exist they may either do work 
upon the axial motion or damp it, depending on their 
phase with respect to the radial forces 

2 6a causes a periodic change in the phase of the radial 
force acting on any element by moving this element 
from the position z with respect to the armature to the 

_ position z * hé@. The phase angle of the force on the 
element with respect to the force at z = 0 will therefore 


change from 


In the present problem both effects may be neglected, for the 
axial forces on a pole—if they exist at all—are negligibly small 
compared with the radial and tangential forces, and hé is of the 
order of 

To find the energy input to this mode by the radial forces, 
one may proceed as in the case of the first mode. 


If Re = sin (.« 


is the radial force at an ele- 


ment a distance z from the pole end, and if @ = 
is the angular motion of the pole, then 


0 sin (wt — e) 


= l 
= (; sin (wt — e) 


and the work done by Rr on érz over a cycle of motion will 


Rdzx sin - 
0 


(: — :) Oow COS (wl e)dt.... [20] 


‘~ total work done by all the forces on the pole is given by 
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This expression gives W as a function of the phase angle « and 
the pole skew C. As in the first mode, e will be determined in a 
given case by the condition of equilibrium of the spring and 
inertia forces, the damping forces, and the magnetic forces. This 
condition is not known, and even if it were possible to express it 
analytically, it would still be in terms of the unknown damping 
constants of the system. Since our final purpose, however, is to 
find how this work input varies with the pole skew C, it will be 
sufficient here to deal only with that value of « which, for a given 
pole skew, will result in the worst possible condition, namely a 
maximum W. This value of ¢ is given by the relation 


Oc 


Applying this to Equation [22] gives the following remarkably 
simple expression for e: 


‘Substituting this in Equation [22] and introducing the non- 
4 
limensional work w = ——, we get 
ReJ?’ ge 
2 


To find for which value of C, wmax is zero, we set Wmax equal to 
zero and obtain the following expression for C: 
tan = 


This transcendental equation may be solved most readily 
graphically. The values of C which satisfy [26] will be given by 


| 
=780 


Sonution or Equation tan = 


the intersections of the line Y = xC with the curve Y = tan xC, 
as shown in Fig. 10. The three smallest values of +C which 


satisfy Equation [26] are therefore 
rC; = 0 
from which a 
oy 48 | 
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Equation [25] has been evaluated for several values of C and the _ 
results are given in Fig. 11, in which wmax is plotted against the 


pole skew. 


The following relations illustrated in this figure deserve some 
emphasis: 


(1) The energy input to the vibration is zero for C = 0, 
i.e., for an unskewed pole. This is apparent without 
any detailed analysis: when the pole is unskewed the 
forces along it are all in phase and obviously cannot 
maintain a mode of vibration which requires out-of- 
phase motion of the pole on each side of the effective 
axis of rotation O’, Fig. 9. 


(2) The energy input becomes maximum for C = 0.66. 
This is not obvious. From superficial considerations 
one would expect the maximum to occur when C = 
1/,. The correctness of this result may be checked, 
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however, by the following reasoning: If the halves of _ 
the pole on each side of O’ were displaced tangentially — 
relatively to each other a distance of one-half slot pitch, — 
then we should expect that the most favorable condition 
for maintenance of the third mode of vibration would | 
be established, for in this case the forces on each side 
of O’ would be out of phase and would consequently 
be in phase with the pole m. ~n. That being the 
case, it is clear that a straight-line skew of one-half slot 
pitch (i.e., C = 0.5) cannot resul* i: maximum input | 
to the vibration, even though the forces at the me 
ends of the pole are out of phase. 

The machine in which this mode of vibration was 
observed—a submarine-drive motor—was designed 
originally with a pole skew of C = 0.7. For this amount 

’ of skewing the energy input was nearly the maximum 
possible, according to Fig. 11, and accounts therefore 
for the excitation of this unusual mode. 

The work input becomes zero for a skew of C = 1.43. > 
This result is also at odds with the casual expectation — 
that the work input should be zero for C = 1. For | 
full slot-pitch skewing, one might reason, the forces at | 
opposite ends of the pole are in phase and since the 
pole motion requires out-of-phase forces at the pole 
ends, little or no work input should result from such 
an arrangement. This reasoning would be correct if 
the forces at the pole ends were the only forces acting 
on the pole. It is easy to show that for forces dis- 
tributed along the entire pole and with phase relation- 
ships determined by straight-line skewing, C = 1 
will not result in zero energy input. Assume for 
example, that the halves of the pole on each side of Q’ 
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(Fig. 9) are displaced tangentially relatively to each 
other a distance of one slot pitch, as shown by the 
dotted lines in Fig. 12. The forces on each half of such 
a pole are in phase and would therefore do no work 
upon the out-of-phase motion of each pole half. In 
the case of straight-line skewing, on the other hand, 
it is apparent from the differences between the full lines 
and the dotted lines of Fig. 12 that a large percentage 
of the forces on each pole half are in a position to do work 
upon the pole motion. 


The problem of energy input to the third mode of vibration 
is not as amenable to vectorial treatment as was the correspond- 
ing problem for the first and second modes of vibration. The 
situation is complicated here by the fact that the radial pole 
motion is different at different elements along the pole and it is 
no longer permissible to treat the forces as coplanar. 

The periodic change of the diameter of the frame in the fourth 


mode results in a purely radial motion of the poles. Each pole 
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moves radially as a whole and the motion of all the poles is in 
phase. Since the type of motion in this mode is the same as in 
the first and second modes, i.e., since each element of a pole 
suffers the same displacement, the conclusions reached in the 
case of the first two modes are applicable also to the fourth 
mode. 

The results of the analysis made thus far may be summarized 
briefly as follows: The work input per pole to the first, second, 
and fourth modes of vibration becomes zero for a pole skew of 
one-slot pitch, and it is a maximum for an unskewed pole. The 
work input per pole to the third mode of vibration becomes zero 
for an unskewed pole or for a pole skew of 1.43 slot pitches, 
and it is a maximum for a pole skew of ?/; of a slot pitch. The 
same remarks apply to the kinematically inverse case of skewed 
armature slots and teeth. 

If we were to apply these results to the prevention of vibra- 
tion and noise in a practical design, we should be confronted 
with the following difficulty. The requirements for zero energy 
input to all the principal modes of vibration are mutually ex- 
clusive and cannot be simultaneously satisfied in a general case 
if they are based on straight-line pole skewing alone. If, for 
example, we chose a skew of 1.43 slot pitches to avoid exciting 
the third mode, we might still get an appreciable energy input 
to the other modes of vibration. Similarly, a skew of one slot 
pitch, although it results in zero energy input to the other modes, 
is capable of exciting the third mode. Moreover, the nature of 
the energy curves shown in Figs. 5 and 11 is such that no satis- 
factory balance can be struck which would result in small input 
to all the modes at once, without going to excessive and prac- 
tically unrealizable skewing. 

The foregoing remarks may account perhaps for the wide 
divergence of views expressed in engineering literature on the 
subject of pole skewing. There is a school of one-half pitch 
skewers, for example, who present valid evidence of its effective- 
ness in reducing noise and vibration. Other groups favor full- 
slot-pitch skewing, or perhaps one and one-half pitch skewing, 


each backed by equally impressive case histories. The various 


phase. 


views may be reconciled, however, as soon as it becomes under- 
stood that the effect of skewing depends upon the pole motion 
which in turn depends upon the mode of frame vibration. 
POLE SPACING 

Dependence upon pole skewing alone for noise elimination | 
leads, as we have seen, to the dilemma of mutually exclusive re- 
quirements in the general case in which all four modes lie within 
the running-speed range. The fact of the matter, however, is 
that a discussion of the energy input to the vibration at a single 
pole is only part of the story. We cannot properly speak of 
energy input to the frame vibration without considering the 
effects of all the poles taken together. And in order to evaluate 
the input over all the poles taken together it is necessary to know 
what the phase of the forces at any one pole is with respect to 
the forces at any other pole. This phase, it turns out, depends 
entirely upon the spacing of the poles in terms of the number of 
armature slot pitches. 

The motion of any one pole in each of the four principal modes 
of vibration has a definite phase with respect to the motion of 
any other pole. In the first three modes, for example, adjacent 
poles move out of phase with each other, while in the fourth mode 
the motion of adjacent poles—and hence of all the poles——is in 
Obviously, if these modes are to be excited the phase 
relationship of the forces acting on one pole with respect to the 
forees acting on another pole must be identical with the phase 
relationship of the respective pole motions. In order to deter- 
mine what these phase relations are in a given machine we 
may avail ourselves of the same reasoning that was used pre- 
viously to determine the phase relations among the distributed 
forces acting on a single pole. Thus, since the frequency of frame 
vibration is equal to the armature slot frequency, the disturbance 
which is effective in maintaining the vibration is of the same fre- 
quency and therefore undergoes one cycle of change when the 
armature revolves through the angle subtended by one slot pitch 
at its periphery. That being the case, we may further say that 
the phase of the forces on a pole with respect to some arbitrary 
time of reference is determined entirely by the geometrical 
configuration of the armature slots and teeth under the pole. 
In order to establish the phase of the forces on one pole with re- 
spect to those at another pole, it is therefore necessary only to 
compare the respective positions of slots and teeth under the poles 
in question. If, for example, the conditions are such that an 
armature tooth just goes under the leading tip of a skewed pole 
at the same time as a tooth goes under the leading tip of an ad- 
jacent pole, then the forces at these poles are completely in 
phase. Similarly, if a slot goes under the leading pole tip at 
the same time as a tooth goes under the leading tip of an ad- 
jacent pole, the forces at these poles are completely out of 
phase. 

The application of these facts to our problem of noise pre- 
vention is obvious. If a certain mode of frame vibration results 
in out-of-phase motion of adjacent poles, for example, then in 
order to prevent the possibility of its excitation it is only neces- 
sary to space the poles so that the forces at adjacent poles will 
be in phase and hence will be incapable of maintaining out-of- 
phase pole motions. The effect of pole spacing on this phase 
relationship may be stated simply as follows: 


(1) If the radial eenterlines of adjacent poles are a whole 
number of armature-slot pitches apart when measured 
on the armature periphery, then the forces at adjacent 
poles will be in phase. Or, put in another way, 
forces at adjacent poles are in phase when the number 
of slots is exactly divisible by the number of poles. 

(2) If the radial centerlines of adjacent poles are a whole 
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number plus one-half slot pitches apart, the forces at 
adjacent poles will be out of phase. In this condi- 
tion, the number of slots is exactly divisible by the 
number of pairs of poles. 
For values of pole spacing intermediate to these two 
the phase varies linearly between 0 deg and 360 deg 
with the fraction of a slot pitch that remains when an 
integral number of slot pitches is subtracted from the 
pole spacing. 


= 


(3) 


Considering again the question of elimination of the four 
principal modes of frame vibration, the situation is as follows: 
By skewing the poles one-slot pitch it is possible to prevent the 
excitation of the first, second, and fourth modes, irrespective of 
what the pole spacing might be. This independence of pole 
spacing follows simply from the fact that the work input at each 
pole becomes zero. In order to prevent the excitation of the 
third mode, it is further necessary to make the pole spacing of 
adjacent poles a whole number of slot pitches, as just described. 
With forces at adjacent poles in phase, the rocking movement 
of the poles in this mode cannot be maintained. 

The use of such pole spacing will not only eliminate the third 
mode of vibration, but will provide additional insurance against 
possible excitation of the first and second modes due to neglected 
second-order effects. Even without any skewing at all, the ‘in- 
phase” relation of the forces at the poles would be effective in 
preventing or at least appreciably reducing the excitation of the 
first, second, and third modes of vibration. A condition of no 
skewing and whole-number-pitch pole spacing would be, on the 
other hand, most favorable to excitation of the fourth mode, 
in which all the poles move in phase. Both skewing and pole 
spacing are therefore necessary in the general case in which all 
four modes are within the running speed range of the machine. 

There is a minor disadvantage in using whole-number-pitch 
spacing which arises for purely electrical reasons. The advantage 
of “chorded”’ windings is lost, i.e., the reactive voltages in both 
halves of the winding undergoing commutation are in phase and 
reach a higher peak value than in chorded windings, where they 
are displaced in phase relatively to each other. If it is desired 
to retain this advantage however, use may be made of another 
scheme for eliminating all the modes of vibration, which is inde- 
pendent of pole spacing. In this scheme it is proposed to replace 
the conventional straight-line pole skewing with “herringbone”’ 


skewing. > ue 


HERRINGBONE POLE SKEWING* 


Our analysis of energy input at a pole had been made first for 
the case of straight-line skewing simply because this kind of 
skewing is easily realizable practically. It was deemed of some 
importance for this reason to investigate fully the possibilities 
of this type of skewing for the function of ‘“de-phasing”’ of forces 
before considering any other means. The analysis has shown, 
however, that straight-line skewing alone is inadequate for the 
elimination of all four modes at once. One way of getting around 
this difficulty is to supplement straight-line skewing with proper 
pole spacing, as described in the preceding section. Another and 
more direct way, however, is to abandon straight-line skewing 
entirely in favor of some other kind which has none of its inherent 
limitations. And in order to do this properly, it is first neces- 
sary to know exactly wherein the inadequacy of straight-line 
skewing lies. 

Referring back to the vectorial treatment of the problem, it 
will be remembered that the reason for the efficacy of one-slot- 
pitch skewing in preventing the excitation of the first, second, 


4 This method was suggested by L. W. Chubb, Director, Westing- 
house Research Laboratories. 
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and fourth modes lies in the fact that the resultant exciting force 
on the poles is zero for these modes with such skewing. It is not 
zero for the third mode due to the fact that the pole motion in 
this mode varies from point to point along the pole and even 
reverses in phase. Now, it is not necessary that we restrict our- 
selves to a consideration of the pole as a whole when studying the 
effect of skewing on energy input to its motion. If, for example, 
we isolate some one section of a pole and skew this section one- 
slot pitch, as the section included between A and B in Fig. 13, 
then the analysis previously applied to the pole as a whole may 
be applied to this one section, and we may conclude that for the 
first, second, and fourth modes the contribution of section A—B 
to the resultant exciting force is zero. The force polygon of the 
forces on section A—B will be simply a closed circle. 

Keeping this in mind, let us inquire as to what relation must be 
satisfied by even the most general kind of pole skewing in order 
that the rocking motion of the poles in the third mode may not 
be excited. Obviously, since the pole motion on either side of 
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its centerline (Fig. 13) is out of phase in this mode, it is only 
necessary that the pole shape be symmetrical with respect to 
this centerline in order to obtain in-phase forces on both halves 
of the pole. If, therefore, we skew the pole one-slot pitch on 
either side of its centerline and at the same time keep it sym- 
metrical about this centerline, we shall establish a condition of 
zero resultant exciting force for the third mode as well as for the 
other modes of vibration. The simplest pole configuration which 
satisfies these requirements is the herringbone shape, as shown in 
Fig. 14. The force polygon for the first, second, and fourth 
modes will be a closed circle for each separate half of the pole, 
while the symmetry about the centerline will insure zero energy 
input to the third mode. 


Errect oF WiptH ON RaDIAL AND TANGENTIAL FoRCES 


In considering the various possibilities for a satisfactory solu- 
tion of a given problem one is often prone to lose oneself in a de- 
tailed study of technical minutiae, upon the assumption that the 
cause of the trouble is due to some rare and subtle effects, and one 
is thus apt to overlook the more simple remedial measures that 
sometimes could be applied. In the present problem of frame 
vibration emphasis had been laid heretofore on the elimination 
of noise by control of the phase relationships existing among the 
In many cases 
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_ however, it is possible to effect a cure by directly reducing the 
magnitude of the disturbing forces independently of whatever 
phase relationships might exist among them. The existence of 
such a possibility here follows simply from the fact that the dis- 
turbing forces arise from the periodic variation of reluctance in 
the magnetic circuit of the machine. 

Since this variation in magnetic reluctance depends upon the 
geometrical relation of the armature slots and teeth with respect 
to a pole, it turns out that the magnitude of the variation may be 
affected by simply changing the effective width of the pole in 

terms of armature-slot pitches. It is obvious, for example, that 
if the armature iron surface lying in the shadow of a pole remains 
constant throughout the armature movement the change in 
reluctance in the radial direction will be less than in the case 
where it varies by the area of one tooth, and will result in corre- 
spondingly small radial forces on the pole. Such a condition 
will obtain evidently when the pole width (the tangential distance 
from tip to tip) is equal to a whole number of slot pitches. If 
the flux were uniformly distributed over each tooth under a pole, 
a pole width of a whole number of slot pitches would result. in 
the complete elimination of vibratory radial forces. Actually, 
_ however, due to fringing at the pole tips and to armature reaction 
the flux distribution is such that no simple relationship exists 
between the pole width and the magnitude of radial reluctance 
variation. In order to get even an approximate idea of the pole 
dimensions which will give an “effective” width of a whole number 
_ of slot pitches it is necessary to resort to flux mapping. In the 
ease of troubles in the field, however, the remedial procedure is 
perfectly straightforward as soon as it is established that radial 
vibratory forces are the cause of noise. The effective pole 
width may then be changed by slowly cutting down its dimen- 
sions or by increasing the bevel of the pole tips until a satisfactory 
_ reduction in noise is obtained. These considerations are of im- 
_ portance only in connection with the elimination of frame vibra- 
- tion which requires radial forces for its maintenance, namely, 
the first, third, and fourth principal modes of vibration. 
In the case of vibration which is excited by tangential forces 
_or forces having a moment with respect to the axis of pole rota- 
tion, the situation is not quite so fortunate. An effective pole 
_width of a whole number of slot pitches, for example, though it 
results in minimum radial forces, may yield the maximum tan- 

_ gential forces. The tangential disturbance may be lessened 

- somewhat by making the effective pole width a whole number 
y plus one-half slot pitches, in which condition however the radial 
forces become maximum. In a general case therefore the im- 


_ portance of pole width depends upon the modes of frame vibra- 
tion lying within the running speed range of a machine. 


CoNncLUSION 
We may summarize the results of this study as follows: In 


order to prevent the excitation of the four principal modes of 
vibration of any frame it is necessary either: 


(1) To skew the poles or slots one-slot pitch by means of 
straight-line skewing and at the same time to space the 
poles so that they will be a whole number of slot pitches 
apart, or, 

To skew the poles one-slot pitch by means of herring- 
bone skewing, with no restrictions placed on pole 
spacing 

The noise due to the first, third, and fourth modes of 
vibration may be appreciably reduced by making the 
effective pole width equal to a whole number of slot 
pitches, as previously indicated 

If it is desired further to have the most favorable con- 
dition a for noiseless operation (1), (2), and (3) 


may be combined, i.e., one-slot-pitch herringbone skew- 
ing may be used in conjunction with whole-number- 
pitch pole spacing and whole-number-pitch effective 
pole width. 


What is to be done in any given design must finally rest with 
the designing engineer, for sometimes certain modes may be 
entirely out of the running speed range of the machine and will 
not necessitate the taking of any special precautions for avoiding 
them. For such cases some of the design restrictions which have 
been imposed here may be dispensed with. 

In closing, a few remarks concerning the increasing importance 
of the problem of noise elimination in electrical machinery may 
not be inappropriate. The application of rolled and fabricated 
steel to machinery frames has increased the susceptibility of 
machines to noise production. The principal reason for this is 
that the increase in size of welded-frame structures tends to 
bring more modes of vibration into the running-speed range of the 
machine, since, for a given frame thickness, the frequency of 
vibration in a given mode varies inversely as the square of the 
frame diameter. This consideration is especially important in 
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the case of machines having a large number of poles, for then 
modes of vibration are possible which not only involve the motion 
of one pole per half wave-length, as in our four principal mod 
described above, but two or more poles per half wave-length. A 
possible mode for a 12-pole machine, for example, is shown in 
Fig. 15. In all such cases, however, the fundamental method of 
attack developed in this paper may be applied to noise elimina- 
tion, making proper allowances for the configuration of the 
frame in the given mode and for the relation of the number of 
poles to the number of armature slots. 

In many cases, the mode of frame vibration is greatly affected 
by the position of the supporting feet and the rigidity of their 
fastening to the foundation. What has been developed above 
concerning pole spacing may then perhaps be not strictly ap- 
plicable. Modifications of the theory must be made then to 
suit the given case. It is obviously beyond the scope of this 
paper to classify and pigeon-hole every possible variation of con- 
dition and type of machine, and we have confined our exposition, 
to perhaps the simplest, but most frequent, cases. It is hoped 
however, that the underlying philosophy of the method of 
attack has been set forth with sufficient clarity to permit a de- 
tailed extension to whatever problem of this nature the design- 
ing engineer may encounter. 
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Theoretical treatment of journal-bearing lubrication, 
based on the assumption that the bearing is infinitely 
wide, and hence has no oil flow from the sides of the film, 
has been brought to a high degree of development during 
recent years. Less is known, however, of the various 
_ phenomena that occur in an actual oil film. Experiments, 
necessarily on a bearing of finite proportions and from 
which oil is leaking at the sides of the film, show results 
entirely different from those predicted by the theory 
which takes no account of side leakage. 

From the viewpoint of bearing design, it is highly de- 
_ sirable to have further information for applying the ex- 
cellent theoretical charts now available. The most im- 
portant work on this problem has been done by A. G. M. 
: Michell (4)? and Albert Kingsbury (5). In 1905, Mr. 

_ Michell published a mathematical solution for a plane 

slide block of finite width. In all cases considered, he 
assumed the film thickness at the entering edge to be 
twice that at the trailing edge. The oil viscosity was 
- assumed constant throughout the film. In 1931, Mr. 


- N ANY bearing formed by cylindrical surfaces moving 

relatively to each other and separated by a film of oil, the 

: fluid pressure at any point in the oil film must satisfy the 
differential equation established by Reynolds (1).? 
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Assuming that there is no change of pressure in the direction 
parallel to the axes of the bearing surfaces; that is the bearing 
is infinitely wide as compared with its length in the direction of 
relative motion, dp/dz = 0 and [1] becomes 


Sommerfeld (2) and Harrison (3) have made notable solutions 
of Equation [2] as applied to problems in journal bearings. 
These solutions refer to no actual bearing directly since it is 
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120- Degree Cen-_ 


trally Supported Journal Bearings 
By SYDNEY J. NEEDS,! PHILADELPHIA, PA. 


Kingsbury published a method of investigating any film 
form regardless of shape, viscosity variation, or boundary 
conditions. 

In a later publication (6), Mr. Kingsbury introduced the 
idea of optimum bearing conditions and pointed out that 
in the case of a plane rectangular slide block the best 
results at finite and infinite widths are not found with the 
same film form. By means of the method developed 
and used by Mr. Kingsbury, the present paper undertakes 
an analysis of this problem in the case of 120-deg centrally 
supported journal bearings. The effect of side leakage 
is found to vary not only with the bearing dimensions 
of length and width, but also with the load carried by a 
bearing of given proportions. 

Results are given in tabular form and also by curves, 
and from these, optimum operating conditions are appar- 
ent. The problem of the best bearing for a given mini- 
mum film thickness, load, speed, and journal diameter 
is treated, the only assumption being a desired average 


oil viscosity in the film. = 


practically impossible to aati physically the conditions 
under which the equation was solved. They do furnish, however, 
a most valuable guide in bearing design since they indicate 
an upper limit which may be approached but never realized 
in a practical bearing. Michell (4) has solved Equation [1] 
for plane, rectangular surfaces, but in the case of journal bearings 
this equation appears incapable of exact mathematical solution. 
Were such a solution available it is not unlikely that the labor 
involved in calculation would be prohibitive. 

A most ingenious method of solving either Equation [1] or 
[2] by means of the analogy between electrical potential and 
current flow in a conductor and pressure and volume flow in a 
lubricating film has been devised by Albert Kingsbury (5). In 
this way the fundamental equations may be integrated readily 
regardless of the shape of the film or the variation of oil viscosity 
in the film. Comparison with Michell’s solution for plane sur- 
faces shows agreement to within one per cent. While this is the 
only mathematical criterion available, the electrical method gives 
results that agree satisfactorily with other approximate methods 
of solution. 

A more recent paper by Mr. Kingsbury (6) introduces the 
idea of optimum conditions in journal bearings. For example, 
a bearing running with a given minimum film thickness will 
vary in load capacity and friction with variations in the running 
clearance. There is one definite clearance with which the bearing 
will carry a maximum load and a slightly different clearance 
that reduces the load capacity but gives a minimum coefficient 
of friction. The geometry and operating characteristics of these 
bearings are tabulated (6) on the assumption of infinite width. 

The present purpose is to study the effects of side leakage 
in 120-deg centrally supported journal bearings as the width 
is reduced from infinity to various practical widths as the 
eccentricity is varied at each width. The length of 120 deg 
was chosen due to its wide application in practise. Central 
support was assumed because it permits rotation in either 
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direction. Integration of Equation [2] leads to formulas (6) 
from which the loads and frictions of centrally supported bear- 
ings of infinite width may be calculated for a given eccentricity. 
By the electrical method the actual load and friction may be 
found for any desired ratio of length to width. This is a solution 
based on the pressures obtained from Equation [1] and the effects 
of side leakage are included. With a given film form the load per 
unit of width of a bearing infinitely wide may be called Ws. 
Maintaining the same film form the effect of side leakage is to 
reduce the load carried per unit width to W;. The ratio Wi/W:2 
is known as the side-leakage factor, a number always less than 
one. Carefully preparea charts by Howarth (7) showing the 
operating characteristics of various types of infinite-width 
journal bearings have been available for several years. From 
the viewpoint of bearing design it is desirable to have additional 
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knowledge of the side-leakage factor that these charts may be 
applied more readily to practical problems. 

Available information on the effects of side leakage is some- 
what misleading in that the results are given with the length- 
width ratio as apparently the determining variable. The beauti- 
fully calculated Michell-Martin (8) curve, showing the effects 
of side leakage on the load capacities of rectangular plane sur- 
faces, assumes that the film thickness at the entering edge is 
twice that at the trailing edge. The work of Duffing (10), 
based on the same assumptions made by Michell and Martin, 
checks their results and adds points to the curve. Mr. Kings- 
bury shows [see sect. [X of (6)] that, for optimum load carrying 
conditions with plane rectangular surfaces, the ratio of the film 
thicknesses at the entering and trailing edges will be somewhat 
increased as the surfaces are reduced from infinite to finite 
widths. Apparently, when determining the side-leakage factor 
of a bearing of given proportions, not only the bearing propor- 
tions must be considered but also the bearing load. This is 
immediately clear if it is recalled that any bearing having a 
wedge shaped oil film will, regardless of its dimensions, carry 
an infinite load if the minimum film thickness is zero. While 
this condition could not be realized in practise, it gives a theo- 
retical basis to the fact that, under proper conditions, well built 
bearings will carry enormous loads even at very low speeds. 

Investigation of the pressure curves for bearings of infinite 
width shows that in the case of the 120-deg centrally supported 
clearance bearing, negative pressures appear at the trailing edge 
when the eccentricity factor c = 0.604. As the eccentricity 
increases above c = 0.604, the arc of negative pressure becomes 
longer and the maximum negative pressure becomes increasingly 
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greater. The present study has shown that, at finite widths, 
negative pressures at the trailing edge are found at eccentricities 
below c = 0.604; also, at a given eccentricity, the arc of negative 
pressure becomes longer as the bearing decreases in width. 
The theoretical negative pressures developed in a relatively 
narrow bearing become enormous at high values of eccentricity. 


In a practical bearing it is impossible for the negative pres- _ 
sures to exceed one atmosphere, which is generally quite small. 


compared with the positive pressures generated in the film. 
To bring the results of this study into closer approximation with | 


practical conditions, negative pressures at the trailing edge 
have been neglected in so far as their effect on load-carrying 
apacity is concerned. 
the entire 120 deg of bearing arc. The total frictional drag 
added by the region of negative pressure was found to be prac- 
tically the same with or without negative-pressure effects. 


Friction calculations, however, refer 


To simplify the work involved in making the electrical inte-_ 


grations, constant film viscosity has been assumed. 


This is by 


no means true in an actual bearing where there is a viscosity — 
drop due to heating as the oil passes through the film. Boswall | 
(9) and Kingsbury (5) have shown that the viscosity change in — 


the film may be neglected if u be taken as the average film 
viscosity. 
through the film is to shift the position of the line of centers. 
This has practically no effect on the load-carrying capacity and 
friction as will be shown later. 


MetuHop or ConpucTING ELECTRICAL INTEGRATIONS 


The geometrical notation is shown by Fig. 1. 
journal axes are assumed parallel and the distance between 
them cy is the eccentricity. The difference in radii between 
the bearing and the journal is the radial clearance 7. The 


Another effect of the heating of the oil as it passes” 


Bearing and © 


eccentricity factor c expresses the ratio of the eccentricity to the 


radial clearance. A right line through the bearing and journal 


axes is the line of centers, the base from which all angles are — 


measured except angles a and 8. All angles are measured as 
positive in the direction of rotation. The notation used is as 


follows: 
@ = the angle between the line of centers and any point 
in the film 
6, = the angle between the line of centers and the point of 
maximum pressure in the film 
h = the film thickness at 6, or 7 (1 + ¢ cos 6) 
h, = the film thickness at the point of maximum pressure 
ho = the minimum film thickness, or »(1 — c) when ¢ > 
0.141 
U = the linear velocity of the journal surface, or raN /30 
x = the linear distance from the line of centers to h, 
or aé 
z = the linear distance from the bearing edge, measured | 
perpendicular to x and parallel with the journal 
axis 
1 = the developed bearing length in the direction of | 
motion, or 27a/3 for the 120-deg bearing 
w = the axial width of bearing 
p = the film pressure at 6 
Pmax = the maximum pressure in the film (at 6;) 
po = the load per unit projected journal area, or W /2a 
f = the frictional drag at 6 (per unit width) 
F = the mean frictional drag per unit bearing width 
W = the mean load per unit bearing width 7 


\ = the coefficient of friction, or F/W 
the average film viscosity in absolute units 


= 
N = revolutions per minute 
a = radius of journal. 


} 
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From Fig. 1 it may be noted that for each value of the eccen- 
tricity factor c, there may be any number of positions of the line 
of centers, depending on the value given A. With ¢ and 8 fixed, 
moving the position of the line of centers causes the pressure 
distribution in the film to change, thus varying not only the mean 
load and mean friction but also the position of the load resultant. 
One position of the line of centers will be found that places the 
load resultant at the center of the bearing arc. The bearing 
thus found is called the ‘bearing of central support” or ‘“‘central 
bearing.”’ Hence, for a given 8 there will be a central bearing 
for each value of c. Each of these central bearings will have a 
clearly defined film form, the shape of which will depend on 
8, A, B, c, and ». The bath used in the electrical integration 
must be constructed to suit this film form. 

Use of the indirect electrical method [see sect. V of (5)] pre- 
supposes a knowledge of the pressure curve at infinite width 
from which constants, used in the calculation of the pressures 
at finite width, are derived. Hence, it is first necessary to solve 
the load and friction equations [see Eqs. 26, 27, and 29 of (6)]}, 
assuming various values of A for each value of c, until the central 
bearing, a/8 = 0.5, is located. Having determined the position 
of the line of centers, that is the value of A that places the load 
resultant at the center of the bearing arc, the pressure curve 
may be calculated from Eq. [24] of (6). The results of these 
calculations for infinitely wide 120-deg central bearings furnish a 
mathematical check of Howarth’s (7) graphically obtained re- 
sults. The agreement is quite close, there being no appreciable 
discrepancy at any point within the range of the graphical work. 
The results of these calculations, showing the variation of A, 
¢, and 6, with c for values of c between 0.05 and 0.9999999 are 
shown in Fig. 2. The variation of the mean load per unit of 
bearing width with c and the corresponding coefficients of fric- 
tion are shown in Figs. 14 and 15, respectively, on the basis of a 
given minimum film thickness ho. These particular curves are 
marked 1/w = 0. They give a picture of the meaning of optimum 
bearings. 

Fig. 1 shows the point of nearest approach ho, to be the inter- 
section of the line of centers with the bearing arc when the inter- 
section lies within the bearing. From Fig. 2, when A > 60 deg 
the point of nearest approach is within the bearing. When A < 
60 deg the point of nearest approach is hz at the trailing edge of 
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the bearing. When c = 0, the bearing and journal surfaces are 
concentric and all points in the film are of the same thickness. 
As ¢ is increased, angle A increases and the line of centers moves 
toward the trailing edge of the bearing, reaching there when 
c = 0.141. Asc is further increased the intersection of the line 
of centers with the bearing passes the trailing edge and continues 
30 deg further, at which point c = 0.8and A = 90 deg. Further 
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Fig. Wiring DIAGRAM FOR THE INDIRECT METHOD OF 
ELECTRICAL INTEGRATION 


increase of c causes the intersection to move 
back toward the trailing edge, finally reaching 
there when c = 1.0. This travel of the line 
of centers is similar to that found by Sommer- 
feld [see Fig. 17 of (2)], in his study of the 180- 
deg bearing of infinite width. Reynolds [see 
(1), Seientific Papers, Vol. 2, Figs. 13 and 14, 
pp. 251-254] discussing a partial bearing of 
infinite width about 157 deg long, finds the 
travel of the line of centers to be the reverse of 
that found above for the 120-deg and 180-deg 
bearings. In his study, however, Reynolds 
included the effect of frictional drag on the po- 
sition of the journal in the bearing. This fric- 


bs tional effect was neglected in the analyses of the 

120-deg and 180-deg bearings. 

“ 4s For experimental purposes, the bearings at 

s a c = 0.2, 0.4, 0.6, and 0.8 were selected as 

y a amply covering the range of loads. Length- 
py ° width ratios of 1, 2, 3, and 4 were examined 
—_ for each value of c, making sixteen separate in- 


vestigations. 
Arrangement of the experimental bath and 


the wiring diagram for the “indirect method” 


= 
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are shown in Fig. 3. The theory of this method is fully de- 
scribed in Mr. Kingsbury’s paper (5) and needs no repetition 
here. Some details, however, may be repeated as referring 
particularly to these integrations. The bath was 24 in. long 
_ in each case. Since the bearing pressures are symmetrical on 
each side of the center line, only half the actual bearing width 
need be investigated. Hence, the width of the bath varied from 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


has shown five to be sufficient. Current was taken from the 110- 
volt, 60-cycle lighting circuit and reduced through a transformer 
to about six volts. The observation E/E» read from the slide 
wire, gives at once the ratio of the voltage EF at a given point in 
the bath, to the voltage Ep of the live side plate. Bath resistivity 
does not enter into this ratio, the only requirement being that 
the resistivity be uniform throughout the bath. When making 


12 in. at //w = 1.0 to 3in. at l/w = 4.0. The bath depth H,._ the observations, the depth of immersion of the voltage electrode, 
at Z, had no effect on the readings. Check 
| readings invariably agreed to within one 
ca 6+ 142.4" — were taken to establish smooth axial- 
Sag pressure curves at thirteen values of 6. 
> A When J/w = 1.0, six points determined 
VG - each of the 
2 4 */64. mean axial pressure, determin rom | 
a | averaged 5.2 per cent greater than two- 
§ 4 0-74.9°| a thirds of the maximum axial pressure at 
” | 6+/79.9° the bearing center line. When = 
& 6+/63.65| 4.0, the axial curves very closely ap- 
HALF WIDTH = WIDTH = The procedure in each case is similar 
’ to the following detailed account of the 
6e:2 Yur *1.0 integration of the bearing c = 0.2 and 
Fig. 4 AxtaL Pressure Curves = 1.0. 


——T7 deg. By calculation, the load and friction characteristics are 
found to be as follows: 
= The vertical component of the load, Wy = 0.5852 »Ua*/n? 
The horizontal component of the load, Wa = —0.4472 
~ 14 the negative sign indicating the direction of the 
component 
- = + Wat = 0.7366 
2 = = 7. = d = VU. 
| * tang Wv/Wu¢ = 127A deg a = 60 deg a/p = 0.5 
67.4° 


127.4° 


SCALE FOR 9 


: A 


5 COMPARISON OF MBEAN LONGITUDINAL PressuRE DiIstTRI- 
BUTION FOR FINITE AND INFINITE WIDTHS 


Fia. 


proportional to the cube of the film thickness, in all cases was made 
4 in. maximum depth at A. The minimum depth (at @ 180 
deg) varied from 1.620 in. for c = 0.2, to 0.032 in. at c = 0.8. 
The bath forms were made of wood and waterproofed by a thin 
coating of celluloid. The celluloid made a very smooth surface 
which was not readily wetted by the bath solution. At small 
bath depths (7 = 0.032 in.) this difficulty of wetting the form 
became important. Due to surface tension, the bath showed a 
tendency to part at the minimum depth and run back toward 
the deeper ends. The difficulty was finally overcome by slightly 
roughening the form with fine sandpaper. Troubles of this na- 
ture, however, limit the application of the electrical method to 
eccentricities in the region of c = 0.8, as the minimum H rapidly 
decreases as c increases. 

The bath used was a weak solution of potassium dichromate 
in distilled water, the solution having a resistivity of approxi- 
mately 870 ohm-in. at 80 F. The side plates and voltage elec- 
trodes were chromium-plated copper. Six side plates were used 
in the hope of obtaining greater accuracy, though experience 


From Fig. 2, when the bearing is in- 
finitely wide, A = 67.4 deg, B = 187.4 deg and 6; = 128.27 


\ = F/W = 3.270 n/a 


The pressure curve for infinite width is now calculated (6) 
and plotted in terms of p and @ (Fig. 5). The abscissas of this 
curve (@) is divided into six equal parts corresponding to the six 
side plates. The mean pressure pm for each part is found by — 
mechanical integration. ‘These means represent the average 
pressure over the particular interval of 6, when the bearing is — 
infinitely wide and they are represented in the electrical integra-_ 
tion by Eo. Hence, pmE/E, is the effect at any point in the film — 
due to the pressure over the @ boundary interval. The summation 
of the effects of the six intervals is the total effect at any point — 
within the film of the non-uniform boundary pressure. This 
summation is represented by ps. Thus the pressure at any point 
within the film is the algebraic difference between p and pu. 
Choosing points at a given @ over the width of the bath gives the 
axial pressure curves shown in Fig. 4. The mean heights of these 
curves, found by planimeter, are the mean integrated pressures 
at the several values of @ and they are comparable with the pres- 
sures calculated on the assumption of infinite width. The 
differences between the pressures calculated from the infinite- 
width theory and those found by the electrical integration is 
the effect of side leakage. The mean pressures from the elec- 
trical integration may then be plotted on Fig. 5. Since the curves — 
are drawn on a developed bearing surface, a comparison of the 
areas is very nearly, but not exactly, the side-leakage factor. 
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To determine the actual carrying capacity and the point of | From which the oil flowing in at the entering edge 7 ow 


support, the mean axial pressures are plotted on horizontal and 

vertical projections of 6, as shown by Fig. 6. The areas of the = (0.5384 Uy — 0.0455 Us) 3 —_ 

curves, to scale, are the horizontal and vertical pressure compo- = 1.0323 Uan cu in. per sec a) OF: 

nents. = j 
and the oil discharged at the trailing edge 7” 


Comparison with the capacity of the infinitely wide bearing = 0.8574 Uan cu in. per sec 


gives the side-leakage factor. Yo The total quantity discharged at the trailing edge and sides is 
l- + 1.0086 Uan cu in. per sec or 97.7 per cent of the supply. The 
The side-leakage factor = = 0.433 inaccuracy is probably due to the uncertainties in measuring 
0.7366 


the pressure gradients dp/dz and dp/dz. 


tang = 9% =126.16deg 
a = 58.76 deg a/B = 0.490 
The slopes of the axial pressure curves at the edge of the oF 060; 
bearing (z = 0) determines the quantity flowing from the / al a 
side. From Fig. 4, dp/dz is measured and —— —, the component & 4 3 
12y dz’ © ME: N 
of volume of lubricant, per unit time, flowing in the z direction 7 T + 
due to the pressure gradient dp/dz, is computed. In like manner : (7 & 
hed 
12, = at the entering and trailing edges may be computed 3 020n ® 3 \ 
3 
from the slope of the mean pressure curve, Fig. 5. Plotting 4 oe [ 
hid 
values of 12, - against @ (Fig. 7), the mean height of the curve /87.4° 1274° 
B & A 


SCALE FOR @ 


Quantity oF LuBRICANT FLow1nG From THE SIDES OF THE 


is the mean component of volume of lubricant flowing from the 


BEARING 
3 
| 
(87.4 /274 
8 SCALE FOR 8 
Fic. 8 VARIATION OF FRICTION IN THE OIL 
we a The shear stress at any point on the surface of the journal 
w the bearing arc is given by 


Fig. 6 HortzontaL AND VERTICAL PrRoJecTIONS OF MEAN Lonat- aU U re. dp 
TUDINAL PRESSURES 2 dx 


sides. Hence, the total volume of oil leaking from the sides is The pressure gradient dp/dz is measured from the mean pressure 
given by curve, Fig. 5, and f plotted against @ in Fig. 8. From the area 
tes = under the curve (Fig. 8), the mean shear stress is found to be 
2 (0.03608Un) 0.1512 Uan cu in. per sec 


fm = 1.134'— 
The volume of oil flow at the entering and trailing edges per unit 
time and per unit length of edge is given by: and the total frictional drag 


Uh ih? dp 
Q wea 
Mode 


F = 1. — 
n 3 n 


~ : 
Ba ~ 
4° 
- = 
= 
-8 
Wre/ psinga: 
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THE 


_ As in the case of the load-carrying capacity, the friction side- 
” leakage factor is the ratio of the actual friction in the bearing to 


=) the friction calculated on the basis of infinite width. Hence, 
the friction side-leakage factor is 
2375 
= 0.986 
2.408 
) Finally, the coefficient of friction 
Ua 
2.375 — 
7.453 
al Ua 
0.3186 —— 
. Results of the electrical integrations are given in Table | 


Discussion OF RESULTS 


Upon examination of Table 1, it is noticed that in the case 
- of c = 0.8, the point of support tends to shift toward the trailing 


B, A, B, a, F/ ula 
l/u deg deg deg deg deg deg 8 / fon 
0 120 0.8 90 210 150 60 0.500 9.358 8.298 
1.0 120 0.8 88.5 208.5 148.5 60 0.500 5.789 7.638 
2.0 120 0.8 88.3 208 .3 148.3 60 0.500 3.293 7.169 
3.0 120 0.8 87.2 207 .2 147.2 60 0.500 1.928 6.927 
4.0 120 0.8 84.1 204.1 144.1 60 0.500 1.389 6.681 
0 120 0.6 87.3 207 .3 147.3 60 0.500 3.778 4.555 
1.0 120 0.6 83.7 203 .7 143.7 60 0.500 1.936 4.298 
2.0 120 0.6 82.8 202.8 142.8 60 0.500 0.915 4.101 
3.0 120 0.6 81.5 201.5 141.5 60 0.500 0.503 4.061 
4.0 120 0.6 80.5 200.5 140.5 60 0.500 0.313 4.016 
0 120 0.4 81 201 141 60 0.500 1.753 3.138 
1.0 120 0.4 76 196 136 60 0.500 0.812 3.016 
2.0 120 0.4 69.3 189.3 129.3 60 0.500 0.354 2.956 
3.0 120 0.4 67.4 187.4 127.4 60 0.500 0.186 2.945 
4.0 120 0.4 67.2 187.2 127.2 60 0.500 0.111 2.935 
0 120 0.2 67.4 187.4 127.4 60 0.500 0.737 2.408 
1.0 120 0.2 64.8 184.8 124.8 60 0.500 0.319 2.375 
2.0 120 0.2 59.9 179.9 119.9 60 0.500 0.132 2.365 
3.0 120 0.2 56.0 176.0 116.0 60 0.500 0.069 2.352 
4.0 120 0.2 58.4 178.4 118.4 60 0.500 0.043 2.354 
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‘ - TABLE 1. RESULTS OF ELECTRICAL INTEGRATIONS FOR BEARINGS OF FINITE WIDTH, NEGLECTING NEGATIVE PRESSURI 
AT THE TRAILING EDGE 


ENGIN 


MECHANICAL 


edge as the bearing becomes narrower. At the other eccentricities 
investigated the shift is toward the entering edge. At high 
eccentricities the pressures rapidly increase as the point of 
minimum film thickness is approached and decrease to large 
negative values beyond the point of minimum film thickness. 
The geometry of the situation is such that if the negative pres- 
sures be neglected, the horizontal pressure component is con- 
siderably increased while the vertical pressure component is not 
proportionately reduced. At c = 0.8, negative pressures begin 
19.5 deg from the trailing edge if the bearing is infinitely wide. 
The region of negative pressure becomes longer as the bearing 
decreases in width. At l/w = 1.0 (c = 0.8), negative pressures 
begin at 22.5 deg from the trailing edge and at //w = 4.0, the 
region of negative pressure is 29 deg long. In the latter case 
nearly 25 per cent of the bearing area is useless for load carrying 
purposes. If the bearing is infinitely wide, there are no negative 
pressures at eccentricities below c = 0.604. This, however, is 
not true at finite widths. All the bearings of finite width ex- 
amined forc = 0.6 and c = 0.4, showed negative pressures at the 


Oil out Side leakage 
¢, A, B, a, ‘pUa? uUa ,/2 Oil in at Oil out at at sides factors 
deg deg deg deg deg deg 8 Sy? ” /a entering edge trailing edge Uan Load Friction 
- % 0 120 0.8 90 210 150 60 0.500 9.358 8.298 0.887 0O mo Un per unit 0 _ Un per unit 0 1.0 1.0 
width width 
1.0 120 0.8 90 210 150.7 60.7 0.506 5.789 7.638 1.319 0.544 Uan _ 0.247 Uan 0.253 0.619 0.919 
7 2.0 120 0.8 90 210 151.5 61.5 0.513 3.293 7.169 2.177 0.420 Uan 0.132 Uan 0.216 0.352 0.864 
3.0 120 0.8 90 210 152.4 62.4 0.520 1.928 6.927 3.593 0.317 Uan 0.078 Uan 0.175 0.206 0.834 
4.0 120 0.8 90 210 155.1 65.1 0.543 1.389 6.681 4.810 0.253 Uan 0.057 Uan 0.116 0.148 0.804 — 
120 0.6 87.3 207.3 147.3 60 0.500 3.778 4.555 1.206 0 Un per unit 0.2340 Un per unit 1.0 1.0 
width width 
1.0 120 0.6 87.3 207.3 145.0 57.7 0.481 1.9386 4.298 2.220 0.751 Uan 0.456 Uan 0.262 0.513 0.944 
De 2.0 120 0.6 87.3 207.3 145.2 57.9 0.483 0.915 4.101 4.482 0.457 Uan 0.226 Uan 0.200 0.242 0.901 
= 3.0 120 0.6 87.3 207.3 143.2 55.9 0.466 0.503 4.061 8.069 0.328 Uan 0.163 Uan 0.154 0.133 0.892, 
> 4.0 120 0.6 87.3 207.3 144.1 56.8 0.474 0.313 4.016 12.82 0.258 Uan 0.122 Uan 0.121 0.083 0.882 — 
> 0 120 0.4 81 201 141 60 0.500 1.753 3.138 1.790 — Un per unit — per unit 0 1.0 1.0 
width widt 
1.0 120 0.4 81 201 138.7 57.7 0.481 0.812 3.016 3.716 0.897 Uan 0.671 Uan 0.211 0.463 0.961 7 
2.0 120 0.4 81 201 135.6 54.6 0.455 0.354 2.956 8.348 0.501 Uan 0.324 Uan 0.197 0.202 0.942 
3.0 120 0.4 81 201 134.7 53.7 0.447 0.186 2.945 15.85 0.345 Uan 0.219 Uan 0.132 0.106 0.939, 
4.0 120 0.4 81 201 134.6 53.6 0.446 0.111 2.935 26.49 0.268 Uay 0.164 Uan 0.100 0.063 0.935 
«3 0 120 0.2 67.4 187.4 127.4 60 0.500 0.737 2.408 3.270 0.4381 Un per unit 0.4381 Un per unit 0 1.0 1.0 
width width 
1.0 120 0.2 7.4 187.4 126.2 58.8 0.490 0.319 2.375 7.453 1.032 Uan 0.857 Uan 0.151 0.433 0.986 — 
2.0 120 0.2 67.4 187.4 123.9 56.5 0.471 0.132 2.365 17.85 0.539 Uan 7 0.420 Uan 0.110 0.180 0.982 
3.0 120 0.2 67.4 187.4 122.2 54.8 0.456 0.069 2.352 34.10 0.365 Uan 0.282 Uan 0.075 0.094 0.977 
7 4.0 120 0.2 67.4 187.4 123.0 55.6 0.463 0.043 2.354 55.25 0.276 Uan “a5 0.210 Uan 0.068 0.058 0.977 
0 120 0.05 43 163 103 60 0.500 0.183 2.120 11.57 per unit perunit 0 1.0 1.0 
widt wiat 
0 ~»=«©:120 0.10 53.3 173.3 113.3 60 0.500 0.364 2.188 6.006 0.4798 Un per unit 0.4798 Un per unit 0 1.0 1.0 
7 widt width 
_—® 120 0.50 84.7 204.7 144.7 60 0.500 2.560 3.716 1.451 . Un per unit oo oe per unit 0 1.0 1.0 
4 width widt 
€ 0 120 0.90 89.1 209.1 149.1 60 0.500 18.41 14.33 0.7783 —" perunit 0O po per unit 0 1.0 1.0 
width wiat 
a 0 120 0.99 80.8 200.8 140.8 60 0.500 88.57 66.16 0.7469 ipo Un per unit 0.0066 Un per unit 0 1.0 1.0 
width width 


TABLE 2. BEARINGS OF FINITE WIDTH LISTED IN TABLE 1 W ann. a OF CENTERS ARBITRARILY SHIFTED TO GIVE CENTR AL 
Ip, IR 


Oil out at Oil out Side leakage 


r /n Oil in at trailing edge at sides factors 
a entering edge per cent per cent Load Friction 
0.887 0.1224 Un per unit width 100 0 1.0 1.0 
1.319 0.544 Uan 45 55 0.619 0.919 
2.177 0.420 Uan 31 69 0.352 0.864 
3.593 0.317 Uan 25 75 0.206 ). 834 
4.810 0.253 Uan 23 77 0.148 0.804 
1.206 0.2340 Un per unit width 100 0 1.0 1.0 
2.220 0.751 Uan 61 39 0.513 0.944 
4.482 0.457 Uan 49 51 0.242 0.901 
8.069 0.328 Uan 48 52 0.133 0.882 
12.82 0.258 Uan 47 53 0.083 0.882 
1.790 0.3395 Un per unit width 100 0 1.0 1.0 
3.716 0.897 Uan 75 22 0.463 0.961 
8.348 0.501 Uan 65 35 0.202 0.942 
15.85 0.345 Uan 63 37 0.106 0.939 
26.49 0.268 Uan 62 38 0.063 0.935 
3.270 0.4381 Un per unit width 100 0 1.0 1.0 
7.453 1.032 Uan 83 17 0.433 0.986 
17.85 0.539 Uan 78 22 0.180 982 
34.10 0.365 Uan 77 23 0.004 
55.25 0.276 Uan 76 24 0.058 0.977 
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In the case c 0.2 and l/w 4.0, about six 
degrees of bearing surface at the trailing edge is lost for load 
carrying because of negative pressures. 

At the low eccentricities, the mean pressures on the trailing 
side of the point of support are not much greater than those on 
the entering side. Hence, the decrease of pressure at the trailing 
edge moves the point of support toward the entering edge. 

According to Table 1, none of the bearings of finite width are 
true central bearings. The greatest discrepancy occurs at ¢ = 
0.4, l/w = 4.0; where a/f drops to 0.446. A check integration 
of this bearing was made using the same bath form but changing 


trailing edge. 


the procedure to the direct electrical method [see sect. III of g sas 
(5)]. The results of this integration showed the load capacity = os 
W, one per cent lower, and the frictional drag F, three-tenths = 
of one per cent higher than the results given by the indirect | 7 e 
method. These results are within experimental error. The N 
pressure distribution, however, was slightly different. Mean = =~ SS 
axial pressures from the entering edge to the point of maximum ' : he 6 
pressure were found slightly higher than those given by the | @ 
indirect method. The maximum pressure, as found by the two _ N S 
methods, was the same. From the point of maximum pressure S < 7 
to the trailing edge, the direct method showed the mean axial bs NS 
Q 
+ 9 
Q 
4.0 SCALE FOR Yy 
é Fie. 10 Errect or Leneta-Wipts Ratio on Sipe-LEAKAGE 
| 
S \ l 2.0 
So eet : | 
Aur Ql c+.6 
SCALE FOR © | 
K 
Fic. 9 Errecr or Eccentricity oN Factors 
— 
pressures slightly lower than those found by the indirect method. “ 
change in pressure distribution placed the point of support 
at a/B = 0.423. = 
To find the true central bearing for c = 0.4 and l/w = 4.0, 
a new form was made keeping the same eccentricity factor r 
(c = 0.4) and the same length-width ratio (l/w = 4.0). The > = fa) 70 20 3.0 40 ot) 
line of centers was shifted 10 deg, the point of nearest approach > a SCALE FOR Yay a>, 
moving toward the trailing edge, by decreasing the angle A Fig. 11 Ratio or THE Maximum Pressure IN THE O1L Fitm 


from 81 deg to 71 deg with a corresponding change in angle B 
so that 8 would remain 120 deg. The direct method was again 
used. W was found 1.2 per cent lower and F, 2.8 per cent lower 
than the values found by the indirect method with A at 81 deg. 
The pressure distribution gave a/8 = 0.483. 

The central bearing for c 0.4 and l/w 4.0 was finally 
located at A = 67.2 deg, B = A + 120 deg = 187.2 deg, and¢ = 
127.2 deg. W was found to be 0.1093 wUa?/n? and F = 2.778 
uUa/n. These values for the load and friction are, respectively, 
1.2 and 5.3 per cent lower than the results found by the indirect 
method for A = 81 deg. The coefficient of friction is therefore 
3.6 per cent lower. 

It is interesting to note that shifting the line of centers 13.8 
deg in the above case has little effect on the load and friction 
characteristics of the practical bearing. Apparently, the mini- 
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mum film thickness is the important factor and while it remains 
constant, the position of the line of centers is of secondary 
importance. On this basis, the line of centers was arbitrarily 
shifted in the other bearings of finite width so that the point 
of support would bisect the bearing are. Load and friction 
characteristics were unchanged to correspond with the change in 
A. The results are given in Table 2, the maximum error being 
of the order mentioned above. 
From Tables 1 and 2 some interesting and useful curves may 
plotted. Fig. 9 shows the variation of the side-leakage 


be 


TO THE Unit Loap CARRIED BY THE FILM 


factors with eccentricity for constant l/w ratios. Fig. 10 shows 
the variation of the side-leakage factors with the 1/w ratio for 
constant eccentricities. From these curves it is obvious that to 
obtain the side-leakage factors for a given bearing, both the load 
and the length-width ratio must be considered. From cross- 
plots between these two sets of curves, side-leakage factors for 
any central bearing falling within the range of the charts, may 
be obtained. 

Fig. 11 shows the ratio of the maximum film pressure de- 
veloped in the bearing to the unit loading of the bearing. Under 
normal operating conditions this ratio will not be far from 3.0. 
In narrow bearings with large clearances, however, the ratio 
may be considerably above this figure. Fa) 


| 
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The percentage of the oil taken into the bearing film at the width ratio the curves are straight lines at values of eccentricity ; 
entering edge that is lost by leakage at the sides of the film is below c = 0.4, approximately. The straight line portions of the 
shown by Fig. 12. The broken lines are from the results of the curves are fairly parallel. The curve for infinite width reaches a 
electrical integrations given in Table 1. The quantity of oil minimum d X a/n = 0.736 at (uN/po)(a/n)? = 0.376. To the — 
60 T 
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9 
Xow Va & ce. 4% 
x 2 t 9 30 
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~ Z = 
20 
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Fic. 12 Errect or RatiooN Pel 7, 
Fig. 13. Errect or RATIO ON THE DIMENSIONLESS VARIABLES 
\ X a/n anv /po(a/n)? 
discharged at the trailing edge of the film is found from 6 =e 
the equation: {|_| 
Q Uh h® dp ‘ 
For finite widths and low eccentricities the second term l\ 4+ AAT 
on the right is small compared with the first term. * ry | - 
At c = 0.6 the second term is about 5 per cent of Q x ant RY, 5° 3.0 = 
and at c = 0.8 it increases to approximately 10 per cent. P ao a ; 
Hence errors in measuring dp/dz do not seriously effect 3 2:0 
the value of Q and the tabulated results of oil discharge 
quantity of oil leaking from the sides of the film is given 
by the equation 
The accuracy of Q; depends directly upon the values VA 
of dp/dz taken from the axial pressure curves. Atc = 0 2 4 10 2a * 
0.8 there seems to be considerable error in the mea- Seach poe aN 
surements of these pressure gradients. This is seen Po\7 
in Table 1 (c = 0.8) where the sum of the quantity of Fig. 13a Errecr or LENGTH-WiptH Ratio ON THE DIMENSIONLESS 


oil leaving at the trailing edge plus that at the sides, 

is not approximately equal to the quantity entering 

the film. Since the tabulated value for the quantity discharged at 
the trailing edge is more nearly correct, the unbroken lines on 
Fig. 12 are drawn by assuming that the side leakage is the differ- 
ence between the quantity of oil entering the film and that dis- 
charged at the trailing edge. Percentages are given in Table 2. 

In the past, several theories of journal-bearing lubrication have 
been offered based on the assumption that all the oil taken into 
the film was lost by side leakage. It is apparent from Fig. 12 
that if any such partial bearings are possible they would be so 
narrow as to be almost useless in practise. 

Load and friction characteristics for finite and infinite widths 
are shown by the plots of the dimensionless variables \ X a/n 
against (GN /p)(a/n)* Figs. 13 and 13a. For a given length- 


VARIABLES \ X a/n AND (uN/py)(a/n)? NEAR THE ORIGIN 


left of the minimum point the value of \ X a/n increases ap- 
parently to 1.0 when (uN/po)(a/n)? = 0. The calculations 
this portion of the curve were carried to c = 0.9999999. The 
minimum point and upturn of the curve were definitely estab-— 
lished. Metallic contact occurs when c = 1.0, at which point — 
the theoretical equations no longer hold. Solutions are possible — 
however as close to this limit as one may choose to go. 

By means of the side-leakage factor curves, Fig. 9, the dotted 
portions of the curves for finite widths were added to Fig. 13a. 
Here again it is seen that when the minimum film thickness is 
zero, all bearings, regardless of length-width ratio, will theoreti- — 
cally carry the same mean load W per unit bearing width with 
equal mean frictional drag F ‘per unit bearing width. For a 


= 
| 
| 
ve 
“{ 
a 
TANG 3 
PT 
-| 
Pe 
| 


APPLIED MECHANICS 


APM-56-16 729 


given value of c, that is with the geometry of the bearing fixed, A = kn/a. If in these expressions, 7 is replaced by its equivalent 
a zero value of u.N/po gives a zero coefficient of friction. Hence, ho/(1 — c), the expression is then in terms of a given minimum 
the curves for constant c converge at the origin. On the small film thickness ho. Fig. 14 for load capacity and Fig. 15 for 
scale plot, Fig. 13, the curves for constant c appear to be straight _ friction coefficients are plotted in this manner. When plotting 


lines, though in reality they are slightly curved near the origin. Figs. 14 and 15, more information was available for 1/w = 0 | 
OpTimuM OPERATING CONDITIONS 10; 
In’ Tables 1 and 2, the load carrying capacity per unit of 
bearing width is expressed as W = KyUa?/n? fora given bearing, 
and the corresponding coefficient of friction is expressed as —™S | 
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than for the other length-width ratios. By means of the l/w = 0 
curves and the side-leakage-factor curves (Figs. 9 and 10), the 
curves for finite widths may be filled in between the circled 


40 


VA 9 / / experimental points. Each of these curves for finite widths is 
30 ba found to have a maximum point of load capacity or a minimum 
ad coefficient of friction similar to the maximum and minimum 
\\ me 7 l, t20/ points on the curves for infinite width. The eccentricities at 
2 _ wr" which these maximum and minimum points occur are plotted in 
\ hr ~ ] Fig. 16. It will be noticed that as the bearing becomes narrower, 
\ a V3 the eccentricities for optimum load and optimum friction be- 

404, come greater and further apart. an 
NS | Vy 22 The loads and friction coefficients of the optimum bearings 

~— } as shown by Figs. 14 and 15, are plotted in Fig. 17. These curves - 

3 show for example, that if 1/w = 1.0, the bearing of best capacity 


will carry 0.312 »Ua?/h,? lb per unit axial width, and that the 

SCALE FOR C lowest friction coefficient is 5.55 ho/a. These are two distinct 

Fic. 15 Errecr or Eccentricity on Friction Cozrricient ror a bearings. For best capacity the bearing must be bored so that 

gee Given Mintmum Fitm Tutcknessho == ~—___ the radial clearance satisfies the equation 7 = ho/(1 — 0.552). 


7 
N 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


For minimum coefficient of friction the radial clearance must be 

= ho/(1 — 0.612). The loads carried by the bearings of 
maximum capacity are but slightly greater than those carried 
by the bearings of minimum friction coefficient. At length- 
width ratios of 0, 1.0, 2.0, 3.0, and 4.0, the maximum capacities 
are, respectively, 0.16, 1.2, 3.4, 7.4, and 18.3 per cent greater 
than the capacities of the bearings of minimum friction coefficient. 
A dotted line on Fig. 17, showing the capacities of the bearings 
of minimum friction coefficient, can scarcely be distinguished 
from the line of maximum capacities except at the higher values of 
l/w. The saving in friction, however, by designing for optimum 
friction conditions, is more pronounced. At length-width ratios 
of 0, 1.0, 2.0, 3.0, and 4.0, the friction losses of the bearings of 
maximum capacity are, respectively, 0.43, 1.9, 5.8, 11.0 and 30.1 
per cent greater than the friction losses of the bearings of mini- 
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mum friction coefficients. Hence, the friction coefficients of the 
bearings of maximum capacity at length-width ratios of 0, 1.0, 
2.0, 3.0 and 4.0 are, respectively, 0.15, 0.7, 3.5, 3.9, and 10.1 per 
cent greater than the minimum coefficients. The above compari- 
sons are made on the basis of a given minimum film thickness, 
he. A dotted line on Fig. 17 shows the friction coefficients of the 
_ bearings of maximum capacity. A comparison of the full and 
_ dotted lines shows that little is gained by designing for minimum 
friction unless the bearing is extremely narrow. 
_ From Figs. 9 and 10, the side-leakage factors for the optimum 
- bearings may be found. These are plotted in Fig. 18. It is 
zz to note that for bearings of minimum friction co- 
efficient, the load-capacity side-leakage factor reaches a minimum 
= about 1/w = 3.15 and then increases as the bearing becomes 
_ marrower. The increase is due to the fact that optimum friction 
- conditions in narrow bearings are obtained at high eccentricities 
where the load-capacity side-leakage factors are changing 
rapidly. 
In his closure of ‘‘Optimum Conditions in Journal Bearings”’ 
_ (6), Mr. Kingsbury points out that the side-leakage factors 
given in plate X of (6) apply only to the conditions of eccentricity 
found in optimum bearings of infinite width. He further states 
that for other conditions of eccentricity, such as would be found 
in optimum bearings of finite width, the side-leakage factors 
given in plate X of (6) could not be expected to apply closely 
and should be regarded as a first approximation. Further, the 
use of plate X of (6) gives load values that are on the safe side. 
That the above statements are justified may be shown by 
_—_investienting a particular case, from which it will also appear 


that Fig. 18 cannot be used in place of plate X of (6) in as ae 


as they are not based on the same theoretical conditions. Sup- 
pose. the capacity per unit width is required for the 120-deg 
centrally supported bearing of minimum friction coefficient, 
the bearing being twice as long as its width. From plate IX, 
class C of (6), we find for 120 deg that Wh3/uUa? = 0.641 and 
the eccentricity c = 0.4904. This is the capacity per unit width 
when the bearing is infinitely wide. From plate X of (6) the 
side-leakage factor for 1/w = 2.0 is found to be 0.185. Hence, 
the required capacity is Who?/uUa? = 0.185 X 0.641 = 0.1186 
per unit width, the assumption being that the eccentricity c is 
also 0.4904 for the bearing of finite width. But from Fig. 16 we 
find that in order to obtain optimum friction conditions when 
l/w = 2.0, the eccentricity must be increased to c = 0.717. At 
this eccentricity the capacity per unit width of the bearing of 
infinite width is found from Fig. 14 to be Who?/n.Ua? = 0.493. 
From Fig. 18 the side-leakage factor is found to be 0.295. Hence 
the required capacity of the bearing of finite width is Who?/nUa? 
= 0.295 X 0.493 = 0.1454 per unit width. The capacity may 
also be found directly from the 1/w = 2.0 curve, Fig. 14 at ¢ = 
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0.717. The side-leakage factor 0.295, is approximately 60 per 
cent greater than the factor 0.185 but the load capacity 0.1454 
is only 22.6 per cent greater than 0.1186. Thus plate X of (6) 
and Fig. 18 are not directly comparable inasmuch as the former 
is based on constant eccentricity and the latter on increasing 
eccentricity. The error from neglecting the increased eccentricity 
at which optimum conditions occur in bearings of finite width 
is not as serious as a comparison of plate X of (6) and Fig. 18 
would seem to indicate. The loads given by plate X of (6) at 
finite widths are low and hence on the safe side, as Mr. Kings- 
bury has pointed out above. 

In order that all bearings, regardless of width, may run with 
the same minimum film thickness ho, it follows from the equation 
ho = n(1 — c) that as the eccentricity c increases, the radial 
clearance must also be increased. For optimum load conditions 
at l/w = 2.0, the radial clearance must be 42 per cent greater 
than at 1/w = 0. Similarly for optimum coefficient of friction 
the radial clearance at 1/w = 2.0 must be 80 per cent greater 
than at 1/w = 0. The ratio of the maximum film thickness 
ha, to the minimum film thickness ho for various length-width 
ratios is shown for the optimum bearings in Fig. 19. 

Fig. 16 shows the eccentricities for optimum 120-deg centrally 
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supported bearings to lie between the range c = 0.4688 at l/w = 
0, toc = 0.90 at l/w = 4.0. From Fig. 2, A is found to be 83.7 
deg at c = 0.4688, 90.0 deg at c = 0.81 and 89.1 deg at c = 0.90. 
Over this range of A, cos A is close to zero. From ha = n(l + 
c cos A) it is seen that ha is nearly equal to » for the optimum 
bearings. Hence, in Fig. 19 the vertical scale ha/ho may also be 
read n/ho. The curves will then give values of n/ho that are 8.8, 
3.6, 2.2, 1.1, and 0.2 per cent too high at l/w = 0, 1.0, 2.0, 3.0, 
and 4.0, respectively. 


PROBLEM 


Required, a 120-deg central bearing of minimum friction co- 
efficient to carry a total load of 25,000 Ib at 1500 rpm, the journal 
being 10 in. in diameter. The bearing is to operate in either 
direction of rotation. The mean oil viscosity « = 3.4 X 107, 
in-lb-see system (127 see 8.U.V. for 0.87 density). Assume the 
bearing width not strictly limited by the design of the machine. 

What is the most practical width of bearing and what will be 
the friction loss and bearing bore? 


l = 10 x/3 = 10.47 in. _ 


Linear speed U = 10” & 1500/60 = 250r in. per sec” 
Then 


Assume some width such as w = lL. 


Wo = 25,000 /w = 7500/x Ib per in. width 
From Fig. 15, for l/w = 1.0 
5.55 ho/a andec = 0.612 


From Fig. 14, for l/w = 1.0 and ec = 0.612 


Ua? 
W = 0.308 
h 2 


Hence 


uUa? 


0.308 = 
ho? 


0 us 


= 0.002935 in. 


AX = 5.55 X 0.002935/5 = 0.00326 


Since ho = n (1 c); n = 0.002935/0.388 = 0.00756 in. 


| po = 7500/10" = 238.7 lb per sq in. 


The problem has been solved for various other values of l/w 
and plotted in Fig. 20. 

In operation, the most important safety feature is the minimum 
film thickness. It is desirable therefore to keep ho as large as 
possible. Operating economy is governed by the coefficient 
of friction, hence, \ should be as low as possible. When starting 
and stopping the machine there will be a short period of metallic 
contact in the bearing. Hence, the unit pressure should be 
reasonably small. 

From Fig. 20, it is seen that there is practically no change 
in friction coefficient between 1/w = 2.0 and l/w = 3.0. Since 
ho is greater at 1/w = 2.0, this is a better bearing than 1/w = 3.0. 
At l/w = 1.0, the friction coefficient is about 8 per cent greater 
than at 1/w = 2.0, but ho is 107 per cent greater in the wider 
bearing. The width 1/w = 1.0 also has the advantage of having 
po one-half the value at //w = 2.0. This is important in starting 
and stopping. 

Below l/w = 1.0, the coefficient of friction increases rapidly. 
This is also true of ho but the gain in safety factor is not so im- 
portant as the fact that the bearing is increasing in width which 
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to run. Apparently, //w = 1.0 is the most practical width. 
The developed bearing surface is approximately square. 

The total frictional drag will be 0.00328 25,000 = 82 pounds 
and the power loss 250 x X 82/12 X 550 = 9.76 hp. Bearing 
bore = 10 + 2 X 0.00756 = 10.0151 in. diameter, the clearance 
being 0.00151 in. per in. diameter. 

Oil required for the bearing = 0.740 Uan = 
sec. 


21.9 cu in. per 
This is equivalent to 5.70 gal per min or 0.584 gpm per hp 
Approximately 40 per cent of the oil supply will leak from 
the sides of the film, the remaining 60 per cent being discharged 
at the trailing edge. The quantity of oil required is independent 
of the viscosity. 

A solution similar to the above may be worked out as indi- 
cated for any load. Regardless of the load, however, the best 
results will be given by the approximately square bearing. 


loss. 


CoNCLUSION 


That side-leakage factors depend on bearing loads as well as 
length-width ratios is shown by Figs. 9 and 10. Figs. 14 and 15 
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show that the length-width ratio influences the eccentricity 
for optimum operating conditions. The data comes from Equa- 
tion [1], the expression of the true hydrodynamical theory of 
lubrication, and the solutions are valid within the limits of error 
previously discussed. The assumptions made in establishing 
Equation [1] and the fact that in any actual bearing there will 
be distortions due to the stresses of load and heating, are outside 
the scope of this paper. The excellent charts available, showing 
the characteristics of bearings of infinite width, make it appear 
more desirable to have supplementary side-leakage charts than 
to present new design charts at this time. 

Studies of side leakage in fitted bearings and eccentrically 
loaded bearings might conceivably show results in accordance 
with these obtained for the 120-deg centrally supported bearing. 
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In such cases, one set of side-leakage curves would apply to all 
types of journal bearings. Should the effects of side leakage 
vary appreciably in different types of bearings, that in itself would 
be valuable information to those engaged in bearing research 
and design. 
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_ struction of the Network From 


i 
Application of the photoelastic method of stress analysis 
to transparent bodies under plane stress permits direct 
observation of the two principal stresses o; and o but 
determination of their values necessitates additional 
measurements or some form of graphical integration. 
In this paper the author develops the exact theory of the 
(o; + o3)-network and a graphical method of applying it 
to the problem of stress measurement. By means of this 
method the isopachics can be accurately determined and 
these, together with the isochromatics and isoclinics, 
give the complete stress-field analysis from which the 


values and directions of the two principal stresses at any 
point may be readily obtained. 


By HEINZ P. 


N TRANSPARENT bodies under plane stress, the photo- 
I elastic method allows of observing directly the difference 

between the two principal stresses, o, and o2, and along the 
so-called “isochromatics” this difference has a constant value. 
Further, by this method of analysis the directions of the two 
principal stresses, which are constant along the so-called ‘“‘iso- 
clinics” can be obtained directly. To determine the values of 
o, and go; either additional measurements can be used, or some 
method of graphical integration must be employed and although 
several methods exist,? all involve considerable time. In 
A.S.M.E. Transactions, 1932, paper APM-54-10, p. 115, M. 
Stone has given a method by which a third network, the 
(0, + o2)-network, may be constructed thereby obviating the 
necessity of graphical integration. This simple solution of the 
problem is very ingenious but the method used was not exact 
as will be shown in this paper. Nevertheless, the idea of tracing 
the (o; + o2)-lines instead of using some form of graphical 
integration is found to be very successful if the correct formula- 
tion is given to the problem. In this paper it will be seen that 
the exact theory of the (o; + o:)-network is not complicated. 
The author, who has been engaged in research work in photo- 
elasticity for the last few years, has derived from the elastic 
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equations a new method which makes possible the tracing of 
the (o; + o2)-lines in a very simple manner. Since the correct 
parameter can be assigned to each line, the sum of the principal 
stresses at any point is known. This method offers several 
alternative checks and is, therefore, extremely accurate. 


THEORY 


The lines of principal stress, lines 1 and 2 in Fig. 1, give at 
all points the directions of the two principal stresses o, and a3; 
where ¢ is the angle between the directions 1 and X, or 2and Y, 
respectively (X and Y are Cartesian coordinates). 


Fig. 1 TANGENTS AND NoRMALS TO THE Four NETWORKS 
(o, + o2)-network (lines 3) the value of o; + o2 is constant. 
According to Coker and Filon® we will call these lines “‘isopachic 
lines.”” We have 


re) 
— + o2) 
oy 


holds true. 
also 4 and 2. Then a + ¢ is the angle between the directions 
3 and X, also 4 and Y (see Fig. 1), so that along an isopachic 


Let a be the angle between the directions 3 and 1, 


ra) 
dy or (1 + 
dz 2% 
holds. 


Along the 


4, 
val 
8 / 3 
SA 
xX 
Then 


734 


Formulating the equilibrium conditions for the three elements 


of Fig. 2 we obtain 

Orzy 
+ — 

Or Oy 


t 


dx 4 
2s, 
ey dy 


dy 


oy = Sin? + cos? 


If we introduce 


we find from Equation [6] that 
cos 2¢; 


cos 2¢; 


Oz + oy = 01 + 02 = p 


Using Equations [9] and [5] we can put Equation [4] into the 


Orzry 
Ox oy 
oy Oy ox oy 


tan (a + ¢) = — ... [10] 


Orry 


The angle a + ¢ is the angle a in Stone’s paper. Referring to 


oa 
Equation [9] in Stone’s paper we see that the gradients = and 


Ooz 
rs are neglected. In consequence Stone’s method is not an 


exact solution of the problem. 

Equations will now be derived which will permit the deter- 
mination of not only the directions of, but also the distances 
between the (c; + o2)-lines. Combining Equations [5] and [8] 
we get 


+ 2q dy cos 2¢ 
and 
) oq re) Oq 
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Op 


oq oq 
+ — cos 2¢ 26 sin 2y + — sin 2¢ 
Ox Or Oy 


o} 


+ 
cos 2p + 2¢g — sin 2 
Oy Oy Oy 


Let us introduce the directions 3, 5, and 7 of the isopachies, 
isochromatics, and isoclinics, respectively; a, 8, y being the 
angles between the directions 3, 5, 7, respectively, and 1 (see 
Fig. 1). The orthogonal directions 4, 6, and 8 are obtained 
by counter-clockwise rotation. To find these directions from 
the networks, assume the gradients 

O86 O8s 
Since p is constant along the isopachies, we have 


to be positive. 


and it therefore follows (see Fig. 1) that 


Op Op O8, op op Op O84 
= — — sin (a + ¢); 
Ox Os, Or Os, Oy O84 OV 


OF 


Op 
= a. cos (a + ¢)... 


Heb 


Fic. 3 Construction 1: THe D1iREcTIONS OF THE ISOPACHICS AT 


THE FREE BOUNDARY 


Corresponding equations exist for the isochromatics, along 
which the difference of the principal stresses (0, 
an equal value. 


-o, = q) has 


oq oq re) oq 

— = — — sin(@ + ¢); — = —cos (8 + ¢).. {15 

Finally, the corresponding equations can be derived from the 
fact that along the isoclinies the angle ¢ is constant 


in (y + ¢) cos (¥ ).. [16] 


Referring to Equations [11] and [12] we can eliminate the 


op oq O re) 
gradients =, =. end — and we get 
Or Oy Ox OY OZ oy 


— <P sin (a (8B + ¢) cos 
O84 O86 


x 
+ 2q — sin (y + ¢) sin 2p + — cos (8 + ¢) sin 2 
O8s 


O83 


); — — =0........[5 
dy dx 
Le Ze = 
y Ox — 008 2g = 0.... [12] 
2, y 
Fig. 2. THe ConpDiITIONs 
= — sing Cos ¢ | 4 
form 
| 
> 


and 


Op oq 
- cos (a + ¢) cos (8B + ¢) cos 2¢ 
O84 


O”q 
+ 2q sin (8 + ¢) sin 2y 


cos (y + ¢) sin 2y¢ 


O¢ 
24q > (y + ¢) cos 2g = 0.... [18] 


os 


Then, multiplying Equation [17 
Equation [18] by sin ¢ (and 


is eliminated and 


] by cos ¢ (and sin ¢), and 
cos ¢) and adding, the angle ¢ 


Op 
sina = — sin + 2q [19] 


Fic. 4 Construction 2: THe DIRECTIONS OF THE ISOPACHICS 
AT Any Point 


8 7 6 5 
3 


Fie. 5 Nomoerapuic } 
— cosa = — COS 


; sf By these equations the p-gradient can be derived from the iso- 
chromaties and isoclinics at any point. 


tain 


In this way the value of p is found at the loaded boundary. 


At the loaded boundary let the boundary tangent have the 
direction Y; oz and rz, then are the normal and tangential 
(shearing) components of the loading forces. The normal ; 
component oz can be measured. From Equations [8] we ob- ~ 


Pp “0x q COS 


At the free boundary we have oz = 0 and ry = 0. We 
obtain from Equations [8] 
= Oor90deg; p+q=0............ [22] 
The free boundary, there- Oo M 


fore, is a line of principal 
stress. With ¢ = 0 the 
direction Y of the bound- 
ary tangent and direction 
2 are the same (see Fig. 1). 
We then have along the G k L 


free boundary 

Fia. 
p+qz=0 and 


Referring to Equations 
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[14] and [15] and using o 
¢= 0, we find 
op 
— cos — cos | 
= 0.... [24] Q’ 


Fie. 7 Construction 3: THe 
TANCES BETWEEN THE ISOPACHICS 
aT Any Point 


From Equation [20] we 
obtain 


Dividing Equation [19] by Equation [25] we can write the con- 
dition of the free boundary in the form‘ 


tana = tan 8 + 2cot y.............. [26] 
If the free boundary is a line 1 we find correspondingly — 
cota = cot B+ 2tany.............. [27] 


Finally, the (¢; + o3)-network has to satisfy a very impértant 
condition. Eliminating the elastic displacements from the 
stress-strain relations,’ it can be shown that the “rigid body 
rotation” K and p are conjugate functions. Along the lines 3 
and 4 we get 


| 
| 
ein 


Using rel 0, it follows that K must be constant along the - 
33 
lines 4. If we trace the lines 3 and 4 with the same intervals i] 
(Ap = —AK) it follows that, approximately, they must form a 7 ; 
network of small squares. — 


4 These equations are correct also if there are normal forces of 
constant value along the boundary. 

5 A. and L. Féppl, Drang und Zwang, vol. I, 2nd ed., Munich and 
Berlin, 1924, article | 43. 
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THe GRAPHICAL METHOD 
Starting Points of the Iso- 
pachics. By observations with 
polarized light the isochro- 
matics are obtained with the 
successive parameters (interval 
Aq): = 0, Ag,2Aq,.... We 
now trace those isopachics, 
whose parameters proceed by 
the same equal steps, so that 


AD ‘ 


At the loaded boundary we 
= p by means of Equa- 

tion [21] and the starting points 
’ _ are those at which p has one 
_ of the values 


0, Ag, 24g, ..., 


At the free boundary it fol- 
lows from Equation [22], that 
isopachics and isochromatics 
have the same starting points. 

Directions of the Isopachics at 
the Free Boundary (Construc- 
tion1). A circle with its cen- 
ter at the point O of a free 
boundary (see Fig. 3), where 
the direction of the isopachic 
is desired, has two tangents: 
one parallel to the boundary 
tangent and going through A; 
the other normal to the bound- 
ary tangent and going through 
ie It will be noted that in 
passing from A to B the ro- 

_ tation is counter-clockwise. 
‘The tangent to the isochro- 


Te matic — O intersects the 


Fic. 8 THE (01 + o2)-NETWORK oF A SYMMETRICAL ANGLE PLATE 
UnpER A CONCENTRATED LoaD 


| 60 former at C. The tangent to the isoclinic through O intersects 
| the latter at D. Making CE = 2BD, OE gives the direction of 
40 the isopachic. 
20 In this way either Equation [26] or [27] is satisfied. If D lies 
| over B, E lies at the left side of C. 
Particular Cases: 
" ad (a) When the boundary is a straight line and therefore an iso- 
i -40 clinic, the isopachic and isochromatic then have the same 
directions. 
= = (b) When the isoclinic intersects the boundary at right angles, _ 
the isopachic then lies in the boundary. - 
“S (c) When the isochromatic lies in the boundary, the isopachic 
; lies in the boundary also. ; 
po Directions of the Isopachics at Any Point (Construction 2). Let 


a be the distance between two neighboring isopachiecs, b that be- 
tween two neighboring isochromatics, and ¢ that between two 
neighboring isoclinics in the directions 4, 6, and 8, respectively. 
Then we have approximately 


op Ap oq Aq d¢ A¢ 
a b’ ss c 


Equations [19] and [20] become 6 


—— p = const. 


g = const. 


= const. 


p 


| 
P = -q= S- 
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| 

| 

— 

| 

| \ | \ | | 

| \ th = 06 


A 
— cos 8 + 2g — sin y... [31] 
(32 
be 
Using [29] we find oe 


a’ sin a = b’ cos y — csin 8B, 


a’ cosa = b’sin y + ccos®B........ [34] 


These equations can be satisfied by the following simple con- 
struction: 

At any point O, Fig. 4, where an isochromatic intersects an 
isoclinic, we obtain c by computing the average of the dis- 
tances from the isoclinic through O (parameter ¢), to the two 
neighboring isoclinics, ¢ + Ag at one side and g — Ag at the 
other. Correspondingly, we obtain b. The length of b’ (see 
Equation [32]) is obtained by means of a nomographical dia- 
gram. Fig. 5 represents such a diagram with Ag equal to 
5 deg or 0.08727 radian. For any abscissa, b, the diagram 
gives b’ as an ordinate with reference to any parameter g. Next 
we draw the positive direction, 1, the angle ¢ being given by the 
parameter ¢ of the isoclinic through O, the negative direction, 2, 
and the positive tangents to the isochromatic and the isoclinic. 
A circle with its center at O and the radius c intersects these 

directions at A, B,C, and D. Make the are EA equal to AC 
and FB equal to AD. Along OF make OG equal to 6’. Then 
a parallel to GE through O gives the direction 3 at O. 

To make this construction more intelligible, draw two lines 
parallel to the directions 1 and 2 through E and G, giving the 
intersections K, L, and M (see Fig. 6). Referring to Equation 
[34], we have EG equal to a’ and angle LGE equal to a. Since 
GL has the direction 1, it follows that GZ gives us the direction 3. 


Particular Cases: 


(a) when bd’ is very much greater thanc: a = 90 deg — 7; 
b’ = a’ 


In this latter case the point O, is an isotropic point of the 
(p, K)-network. 
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(b) when c is very much greater than b’: a = —8; complete stress-field analysis and we obtain immediately the : 
c =a’ values and directions of the two principal stresses at any point. 
(c) whenb’ = cand = 90deg+y: a’ =0; a= This graphical method has already been used in many cases 
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Having carried out these constructions for a sufficient number 
of points, the isopachics can easily be drawn, starting at the 
boundary. 

A first check gives each isopachic, which meets the boundary 
twice. At both starting points the value of p must be the same. 

A second check gives the free boundary, where construction 1 
must agree with construction 2. 

The third check consists of constructing the distance a by 
means of the following method: 


Distances Between the Isopachics at Any Point (Construction 8). 
Referring to construction 2, we can derive the intercept, a, as 
follows (see Fig. 7): 
Along GE make GN equal to b and draw through N a parallel 
to OG, intersecting OE at P. Then OP gives us the intercept a. 
It is clear, from this construction, that Equation [33] is 
satisfied. 


(a) when bd’ is very much greater than c: a 


Particular Cases: 


In this case the intercept, a, is obtained immediately by : 
means of the nomographical diagram Fig. 5. With ¢ as 
ordinate the diagram gives a as abscissa. 


(b) a=b 


when c is very much greater than b’: 


In this case the distance between two adjacent isopachics is 
equal to the distance between two adjacent isochromatics. 


It is not necessary to make use of this construction at all points 
where the directions have been determined, but only at those 
where a check is desired. 

The (p, K)-Network. The fourth check, and the most im- 
portant, expresses the fact that the isopachics must form a 
network of small squares with their orthogonal lines. This 
offers a valuable means of confirming the experimental and 
graphical work. Further, we obtain in this way the parameters 
of those isopachies which do not meet the boundary. 

Using all these constructions the isopachics can be obtained 
very accurately in a short time. 


: The isopachics, isochromatics, and isoclinics together give the 


and Figs. 8 and 9 represent its application to a symmetrical 
angle plate under a concentrated load. 


| 
a, 
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w Method of Calculating 
Shear in Checked Wooden Beams 


By J. A. NEWLIN,' G. 


The purpose of this paper is to present a rational method 
of design of wooden structural beams containing checks or 
fissures in the vertical faces. A safe design assumes that 
such checks are present. The method proposed will lead 
to a considerable saving of the material required by over- 
conservative methods of design now in common use. It is 
well known that the usual method of calculating the 
longitudinal shearing stress in the neutral plane of such 
beams is in error, as it predicts in certain cases stresses 
two or three times the ultimate shearing stress of the ma- 
terial in beams which are carrying their loads without 
failure. In the present study, made at the United States 
Forest Products Laboratory,‘ Madison, Wis., the elastic 
behavior of a loaded checked beam is examined in order to 
explain the discrepancy existing between the facts of ex- 
perience and the predictions of the usual methods of calcu- 


N APPROXIMATE description will be given of the elas- 
tic behavior of a wooden structural beam having longi- 
tudinal checks or fissures in the vertical faces. The usual 

methods of calculating the strength of such beams in shear are 
overconservative and lead to the use of more material than is 
necessary. By combining the results of an approximate mathe- 
matical analysis of the elastic behavior of checked beams with the 
results of a rather extensive series of tests on built-up artificially 
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lating shear. The essential features of this explanation 
were established by an approximate mathematical analysis 
of the problem and a series of about 200 tests. It is found 
that the upper and lower halves of such a beam act to some 
extent as independent beams, thereby relieving the shear- 
ing stress in the neutral plane. This independent or 
“‘two-beam”’ action increases rapidly as the point of ap- 
plication of a concentrated load approaches a support. 
As a consequence, the point of application of the mini- 
mum concentrated load to produce failure by shear in 
a checked beam is not just inside a support, as is com- 
monly assumed as a result of the usual simple beam 
theory, but is at some distance from a support. Accord- 
ingly, recommendations for calculating the strength of a 
timber in shear are made that allow a considerable saving 
of material. 


checked beams, it is possible to make recommendations for the 
economical design of wooden beams with reference to their be- 
havior in shear. 


ANALYSIS 


Let a concentrated load P be applied to a checked beam at a 
distance a from the nearer support, as in Fig. 1, where the 
dimensions of the beam (breadth 2t, depth 4c) and the choice of 


ber 


Fic. 1 or SHow1ne Cuoice or AXES AND NOTATIONS 


FOR DIMzENSIONS 


origin and axes are shown. The reaction at the nearer support 
will be denoted by R. The checks are taken to lie in the middle 
of the lateral faces and are assumed to be of the same uniform 
depth on each side of the beam. 

The upper and lower halves of the beam will be treated sepa- 
rately, the effect of the web (material in the neutral plane) being 
replaced by a shearing stress uniformly distributed over the 
width of the neutral plane and constant between the point of 
application of the load and the nearer support. Since the re- 
sults are the same for each half of the beam, the analysis will be 
given for the upper half only. 

Consider the upper half of the beam lying between the point of 
loading and the nearer support as a cantilever fixed at the point 
of loading and under the action of a load 


acting vertically upward at the point of support, and of a hori- 
zontal shearing stress J acting uniformly over the entire lower 


Ne 
= 
| 
>) 
| 
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_ face of the cantilever. It is assumed that the irregularities that 
_ arise from the non-uniform distribution of stress can be neglected 
and that the problem can be treated as one of generalized plane 
_ stress,’ i.e., the variations of stress from one side of the beam to 
_ the other will be neglected and mean stress components Xz, Xv, 

and Y, will be substituted for the stress components X:, Xy, and 


"The method usually applied® to the bending of a cantilever by 9 

terminal load only can be extended to apply to the problem pro- 
posed. It will be found that equilibrium can be maintained by 
suitable stress components X: and X, with Y, = 0. 

The problem may be formulated as that of finding the mean 
stress components Xz and X, (the bars indicating mean values 
will be omitted hereafter) that satisfy the equations of equi- 
librium. 


As a first step in determining the stress components satisfying 
_ these conditions, let 


xX; =— W(a— z)y + ¢ (2,y) 


4tc® 
_ The first term is introduced to equilibrate the bending moment 
in any section at distance z from the origin due to the load W. 
The second term, as yet undetermined, is to account for the 
change in the stress system produced by the constant shearing 
stress J on the lower face of the cantilever. 

To satisfy Equation [3] let 


ss constants a, 8, y are determined by substituting [8] in [4], 


[5], and [6]. 


J 3w 


With the values so determined [8] becomes 


The function ¢ (z, y) in [7] is found by substituting [7] and 
[9] in [2], solving for Og/dz, and integrating the expression. 
The arbitrary function of y, introduced in the process of inte- 

- gration, is determined by noting that 


Xe 


— The mean values, u and »v, across the width of the section of the 
longitudinal and vertical components, respectively, of the dis- 


= O0Owhenz =a 


— W(a— 


ue (x — a) — 


J 
+ (x — a)y. [10] 


5 “The Mathematical Theory of Elasticity,’’ by A. E. H. Love, art. 
94. Love’s notation is used throughout for stress components, dis- 
placements, and elastic constants. 

6 Ibid, art. 95, 
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placement are determined from the following three equations :* 


Dw (du, 
A + \ Ox re) 


A+ Qu \ Oz 


From [11] and [12] 
ou 


or u(3r + 


=e 24? 


where £ is Young’s modulus and 
+ 2y) 


On entering in [14] and [15] the value of X; from [10] and in- 
tegrating, u and v are determined, except for additive arbitrary 
functions which may be designated f(y) and g(z), respectively. 
These are determined by substituting the expressions for u and 
vin [13], using the value of X, given by [9]. After the substitu- 
tion, the variables z and y may be separated so that a function 
of z alone is equated to a function of y alone, each of which may, 
accordingly, be set equal to the same constant. The derivatives 
g'(z) and f’(y) occur in the respective equations that result. 
The integration of these equations leads to expressions for the 
functions g(x) and f(y). 

It is thus found that 


3L J Ly Jy 
u= 


o being Poisson’s ratio. 
The constants k,; and k; will be determined by the following 
conditions: 


= W — 


5A + 
2u(3A + 2p) 


w= Oand > = 0 when z = 0 and y = —.... 


Equation [17] then becomes 


3L 


+ 
UT 


Since the value of »v is not of direct interest in the present dis- 
cussion, its determination will not be followed out. 

In the above discussion the relations among the elastic con- 
stants A, », EZ, and o that hold for isotropic material have been 
used. For a beam of wood under the simple stress system con- 
sidered, we may conclude that the longitudinal Young’s modulus 
and _ the Poisson’s ratio associated with a longitudinal tension 


| 
du 

— +—) = [18] 

} 

X,y = Owheny = c.................ff 

i- X, = J, a constant, when y = —c..........[ 

— 
ie 
= 

: 
— | 


enter in the same way as for an isotropic beam into the expression 
for the longitudinal displacement, and hence that Equation [21], 
which involves the elastic constants E and o only, holds good for 
the wooden beam as here considered. 

At z = aand y = —+c, i.e., at points on the lower face of the 
upper half of the beam immediately over the support, Equation 
[21] becomes 


_ 3La* Ja? 
 4cE 


Using [18] this equation reduces to 


3Wa? Ja* 
cE 
From [22], recalling that R = 2W, it follows that 7 
16Jct 16E£uctt [23] 


h and 6 being the depth and breadth, respectively, of the beam. 

Expressed in this notation, Equation [23] becomes 
2Jbh Eubh? 

R + 


3 6a? 


This equation may be written in the form 


A 
R = B + a? (25] 
where 
2J bh Eubh? 
B= — and A= [26] 


Equation [25] is one of the significant results of the analysis, 
as it expresses the reaction at the nearer support as the sum of 


LOAD AT CENTER LOAD 14 INCHES FROM SUPPORT 
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on 

noting that it is symmetrical with respect to the neutral plane. 
In Fig. 2, curves are presented showing the distribution of the 
shearing stress as calculated by Equation [27], W and J having 
been determined experimentally as explained later. 

It will be observed that the first term of Equation [25], as 
expressed explicitly by Equation [26], is precisely the reaction 
associated in the usual theory of beams with the mean shearing 
stress, J, in the neutral plane. The second term is to be at- 


741 


Fig. 3 Typicat Section or Burit-Up, ARTIFICIALLY CHECKED 
BEAM 


tributed to the action of the 


Top 


upper and lower halves of the 
beam as two independent beams. 


NEUTRAL AXIS 


The two parts, B and ., of the 
a 


reaction will for the sake of brev- 
ity be referred to as the “single- 


TTom 
0 


beam” and “two-beam” portions 
of the reaction, respectively. It 
is the presence of the two-beam 


/00 200 300 0 /00 200 300 Qo 


two portions, one of which, B, is associated with shearing stress 
in the neutral plane in the usual way and the other of which is not 
associated with such a stress. The latter portion becomes of 
rapidly increasing importance as the load approaches the support. 

The vertical variation of mean shearing stress over the full 
width of the beam is given by [9]. Again using h and b to denote 
the height and breadth of the beam, respectively, and moving the 
origin to the neutral plane, we can write this equation for the 
upper half of the beam in the form 


fy 12y? Sy ) 


The shearing stress in the lower half of the beam is obtained by 


/00 
MEAN SHEAR STRESS OVER FULL WIDTH OF BEAM (POUNDS PER SQUARE INCH) 
Fig. 2 THEORETICAL VARIATION OF HorIzonTAL SHEAR Stress WitH Distance From NEUTRAL 
AxIs OF CHECKED BEAMS FOR VARIOUS POSITIONS OF A SINGLE CONCENTRATED LOAD 
(Beams 2!/: X 41/3 X 45 in.; span 42 in.; depth of checks 1 in.) 


200 300 400 500 600 


portion of the reaction, which is 
not associated with shearing 
stress in the neutral plane and 
which increases rapidly as the 
point of loading approaches the 
support, that accounts for the fact, found in all the tests, that the 
point of application of the minimum load for failure by shear is 
at a considerable distance from the point of support. 

It is necessary to determine the quantities B and A of Equa- 
tion [25] for a beam of given dimensions by a combination of 
tests, since neither the mean shearing stress entering in B nor the 
mean shift on either side of the neutral plane entering in A is 
easily measured directly. al 


‘aly’ 
In the tests, built-up, artificially checked beams of carefully 


matched material were used. A sketch of a typical section is 
shown in Fig. 3. The four parts a were glued to the central 


TEsTs 


-- 
— 
: 
—— 
| 


TABLE 
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RESULTS OF TESTS ON BUILT-UP, ARTIFICIALLY 
_ CHECKED, SPRUCE BEAMS OF VARIOUS LENGTHS—SERIES L 


(Breadth 2'/:in.; height 41/2 in.; depth of checks, 1 in.) 


Table 1 and Fig. 4, may be regarded as typical of the behavior of 
checked beams. The load that will produce failure by shear has 


Distance Mean a minimum value at some distance from the support. The single- 
. beam portion of the reaction at failure by shear is approximately 
nearer = 28- 42- 63- nearer beam beam beam _— independent of the point of loading. The two-beam portion of 

in. in. in. t, ion, action, ti 

ne the reaction (col. 7, Table 1) is approximately inversely propor- 

7.0 5770 5050 4000 +4 ses sez2 01.709 tional to a*, as shown by the fair agreement of the numbers in the 
5 +r 4430 3780 2011 2473 438 85,800 last column and as predicted by Equation [25]. It is true that 
21:0 4800 3630 2410 2183 227 100'100 if the test results of this series are combined in pairs in other 
24.5 3780 3310 102,000 ways than that just used, some considerable deviations from the 
Hoe 3970 1985 1869 ~~ Sama 15,100 values recorded will appear, but none of such magnitude as to 
cast doubt on the conclusion that Equation [25] describes ap- 
LOAD (GPAN 26 INCHES) proximately the behavior of a checked beam. 
7000 
ian LOAD (SPAN 42 /NCHES) 
3 INCHES) 
4000 (SPAN 6000 

> 

3000 ME ny REACTION 5000 

Aa 
2000) 
\ 4000 
1000 ES 
3.5 7.0 10.5 14.0 17.5 21.0 24.5 28.0 
DISTANCE OF LOAD ©ROM SUPPORT (INCHES) 
Fic. 4 GRrapHICAL REPRESENTATION OF Resuuts oF Tests GIVEN 2000 
IN TABLE 1 
(Series L; various spans.) 7 
portion b. The joints c were paraffined to prevent sticking of eed — 
any glue that might intrude from adjacent joints and to mini- i) LETT Action : 
The determination of the quantities B and A in Equation [25] : 0 3.5 7.0 10.5 /4.0 1745 21.0 7 
is accomplished by combining the results of tests of pairs of care- a DISTANCE OF LOAD FROM SUPPORT (WCHES) a 7 
fully matched beams loaded to failure, the concentrated loads Fie. 5 Grarxica, REPRESENTATION oF Resuuts or Tests GIVEN 


IN TABLE 2 
(Series H; span 42 in.) 


being applied at different points. On entering the results of each 
pair of tests in Equation [25], two equations are obtained which 
can be solved for Band A. Thus the single-beam and two-beam 
portions of the reaction are separated. In this procedure it is 
assumed that the mean shearing stress J in the neutral plane at . 
failure is independent of the position of the load for matched 
beams, and that the value of the quantity A at the instant of ™~ ) 


LoAD 
failure is also independent of the position of the load. The N + 


justification of both assumptions is found in the fact that the re- = et 

sults of tests of a series of carefully matched beams loaded to g — me _ 
failure by concentrated loads applied successively at different ™~> nll 
points can be represented approximately by Equation [25], 


using constant values for the quantities B and A. oa “ag | 

For example, consider the results of tests of the three sets of 7WO BEAM acTiON ; 
matched beams of spans of 63, 42, and 28 in., respectively, desig- P ——— — 
nated as series L and recorded in Table 1. These beams, 4.5 0 3.5 7.0 10.5 14.0 17.6 21.0 
in. deep and 2.5 in. wide, had longitudinal checks 1 in. deep ; DISTANCE OF LOAD FROM SUPPORT (WCHES) 


Fic. 6 GRAPHICAL REPRESENTATION OF Resutts or Tests GIVEN 
1N TABLE 3 
(Series E; span 42 in.) 


along the mid-height of each lateral face. The loads that caused 
failure when placed at various distances from the nearer support 
are shown in the table and are represented graphically in Fig. 4. 
The single-beam and two-beam portions of the reaction were 
computed from Equation [25] by combining in pairs the mean 
reaction corresponding to a = 7 with that corresponding to each 
of the other points of loading. The values thus obtained appear 
” cols. 6 and7 of Table 1. In Fig. 4 the total load, the — ot plane, was calculated from the mean of the single-beam action 
reaction at the nearest support, and the part of the reaction 
‘ B (col. 6, Table 1) by the formula 
carried by two-beam action are plotted against a, the distance i sage iP ing 
from the support. 
The behavior of the sets of beams of series L, as shown in 


In plotting the curves of Fig. 2 from Equation [27] the constant 
1 
W= 3k was taken from the appropriate mean reaction of Table 


1. The constant J, which is the mean shearing stress in the neu- 


J = — 
2bh 
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TABLE 2 RESULTS OF TESTS ON BUILT-UP, ARTIFICIALLY 
CHECKED, SPRUCE BEAMS—SERIES H 


(Span 42 in.; breadth 2!'/; in.; height 41/2: in.; depth of checks, 7/s in.) 


Distance a 
from load to Single- Two- 
nearer beam beam 
support, Load, Reaction, action, action, Two-beam 
in, lb Ib lb Ib action X a? 
r 7.0 5890 4908 ae 1841 90,200 
10.5 5180 3885 3067 818 90,200 
14.0 4480 2987 2347 640 125,400 
17.5 5600 3267 2954 313 95,900 
21.0 6000 3000 2762 238 105,000 


TABLE 3 OF TESTS ON BUILT-UP, 
CHECKED, SPRUCE BEAMS—SERIES E 


(Span 42 in.; breadth in.; height 41/2 in.; depth of checks, 11/s in.) 
Distance a 
from load to Single- Two- 
nearer beam beam 
support, Load, Reaction, action, action, Two-beam 
in, lb Ib 1 lb action X a? 
7.0 2910 2425 aaaiis 1111 54,400 
10.5 2410 1808 1314 494 54,500 
14.0 2290 1527 1228 299 58,600 
«417.5 2410 1406 1212 194 59,400 
21.0 2550 1275 1131 144 63,500 


In interpreting the curves of Fig. 2, it should be noted that the 
stress as plotted is considered to be uniform across the width of 
the section. In the material of the web, therefore, the actual 
average stress is higher than that plotted in the ratio of the width 
of the beam to the width of the web. From the curves it is clear 
that the mean shearing stress taken over the width of the beam 
is not &@ maximum in the neutral plane but at points somewhat 
above and below this plane. The significance of the two-beam 
action is thus apparent. It is seen also that the two-beam action 
is greatest near the support and diminishes to a very small effect 
at the center of the spaa under consideration. 

The results of the tests of two other series of beams, designated 
as series H and E, are shown in Tables 2 and 3 and in Figs. 5 and 
6. Both of these series of beams had spans of 42 in. and cross- 
sections 2.5 in. wide by 4.5 in. deep. The checks in series H were 
7/, in. deep and in series E 1'/, in. deep, as against the 1-in. 
checks in series L. 

It may be concluded that all these tests confirm Equation [25} 
with sufficient accuracy, considering the approximation made in 
deriving the formula, the difficulties in securing exact matching 
of material, and experimental errors. 

The investigation reveals the following principle of shear action 
in a checked beam: 

The two-beam portion of the reaction increases rapidly as the 
point of application of the load to cause failure approaches a sup- 
port, while the single-beam portion, associated with shear in the 
neutral plane, remains practically constant and becomes a corre- 
spondingly smaller fraction of the reaction. Consequently, as 
stated at the outset, the point of application of the minimum 
concentrated load to produce failure by shear is not just inside 
the support, as is commonly assumed as a result of the usual 
simple beam theory, but is at some distance from the support. 


PRACTICAL SHEAR FoRMULA 


No theoretical analysis has been made which would enable one 
to calculate the reaction associated with shear failure in the neu- 
tral plane when the cross-sectional dimensions of the beam and 
the depth of checks are varied. 

The results of a large number of additional tests on beams of 
various dimensions with various depths of checks, however, 
show two very important facts: First, that within the limits of 
experimental error, with a beam of a given size and placement of 
load, the ratio of two-beam to total reaction at failure is prac- 


tically constant with varying depth of checks, and second, that 


with beams of widely different dimensions the ratio of two-beam 
reaction to total reaction is also practically constant when the 
load is placed in each instance at a distance from the support 


24 
equal to the same multiple of the height of the beam.. For pur- 
poses of the following discussion, the numerical value of the ratio 
of two-beam to total reaction is taken as 2/11 when the load is at 
a distance from the support equal to three times the height of 
the beam. 
With this value of the ratio and with dimensions of the beam 
expressed in inches, it is found from Equation [25] that 


If we assume that the same ratio exists below the proportional 
limit between the two-beam portion and total reaction as exists 
at ultimate load (which appears to be justified, since only a very 
small portion of the fibers at the bottom of the check are stressed 
beyond the proportional limit when failure starts), then Equa- 
tion [28] can be used for any concentrated load or series of loads. 

For a simple beam uniformly loaded throughout the entire 
span, the following equation can be derived with the aid of Equa- 
tion [28] by considering Wdz as the load corresponding to an ele- 
ment of length dz and integrating over the length: of the span. 


2 
B= — Wh V2 (; — 2.3 logis 


L? + 2h? 
(222°) 


Within practical limits of span and beam heights this equation for 
uniform load is approximated so closely by 


that we would recommend the use of Equation [30] to the exclu- 
sion of Equation [29]. 

The use of these equations in determining the reactions to be 
used in the ordinary shear formula for rectangular beams and of 
safe stresses as recommended by the Forest Products Laboratory 
in earlier publications requires the inclusion of a factor of 10/9 in 
the formulas for the reason that there was approximately 10 
per cent of two-beam reaction in the tests from which the safe 
stresses were derived. 

Recommendations. The following recommendations are based 
upon the above equations: 

(1) Use the ordinary shear formula and the safe stresses 
previously published. 

(2) In figuring the reactions 

(a) Neglect all loads within the height of the beam from each 
support 

(b) Place the heavy concentrated moving load at three times 
the height of the beam from the support 

(c) Treat all other loads in the usual manner. 

(3) Ifa timber does not qualify under the above recommenda- 
tions, which under certain conditions may be overconservative, 
the reactions for the concentrated loads should be checked by the 


following equation: 
r\2 
a 
10P’ (L’ — a’) @ 


B’ = 
OL’ y} 
h 
in which 


B’ = the reaction to be used as due to a load P’, 
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simple stress system considered, ignores the complicated stress 
distribution in the vicinity of the supports and of the point of 
application of the load, as well as the non-uniform distribution of 
shearing stress in the cross-section of the beam. It also ignores 
the existence of vertical tension at some points between the load 
and supports due to the fact that the upper half of the beam acts 
to some extent as a beam resting on an elastic support. These 
factors appear to play a minor role in the failure of a beam by 
shear. 

Stress in Web. The magnitude of the mean-shearing stress in 
the web at failure is a matter of considerable interest. This 
stress is by no means a constant. It can be calculated for a given 
beam by multiplying the value of J in the formula 


vie the walte ne the width of the beam to the width of the web. 
The mean shearing stress in the web at failure thus calculated 
from the results of the tests given in Table 4 is plotted in Fig. 7 
as a function of the ratio of the width of the web to that of the 
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L’ = span in inches 7). ae beam. It falls off rapidly from relatively high values for narrow 
a’ = distance in inches from the reaction to the load P’ webs to low values for wider webs. ; 
h = height of beam in inches. The calculated mean ultimate shearing stress for the very nar- - 
row webs is close to that obtained from torsion tests but is con- 
REMARKS siderably above that obtained by the conventional shear-block 
Overhang. The search for an explanation of the behavior of prs “4 is 
stress or ce rive shear- 
without question has some influence upon the resistance of a beam dows 
to shear, its influence is in general too small to be readily discerni- °°°®S!OR@¥Y DE Made fo tall in shear indica a a a 
ble in tests. a 2000 
TABLE 4 RESULTS OF TESTS SHOWING VARIATION OF MEAN 
SHEARING STRESS IN WEB AT FAILURE WITH WIDTH OF WEB 
(Beams 21/2 X X 45 in.; span 42 in.) "1600 
Average Mean 1 N 
moisture Load shearing > = 
Width in point Load Reaction at support— stress 
of am, in. at nearest load in web, NS 
web, per from failure, Single- Two- Ib per /200 
in. cent support Ib otal am beam sq in. 
0.25 12.1 14.0 2440 1627 285 
0.25 13.2 10.5 2465 1849 ‘1342 507 ©1789 
0:50 13.2 14.0 3685 2457 = 
0.50 13.6 10.5 4020 3015 1275 8004 
0.75 12.9 14.0 4480 2987 1832 1155 g14 8 
0.75 13.1 10.5 5180 3885 2053 \ 
i.00 13.4 14.0 5400 3600 2074 1326 758 3 
1180 13-7 67904480 1385 
1.50 14.0 10.5 7390 5542 3115 9497 692 
Stress Disiribution. The mathematical analysis used, with the 
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mate shearing stress in the neutral plane of such beams is approxi- 
mately that given by the shear-block tests. The dotted portion 
of the curve of Fig. 7 is drawn so as to go through the point repre- 
senting this behavior of a solid beam. 

The high shearing stress in narrow webs that is found by calcu- 
lation indicates that the stress distribution in the vicinity of the 
web is such as to produce a uniform distribution of shearing stress 
in the web. The lower shearing stress in the relatively wider 
webs is to be explained by a very much less uniform distribution 
of stress in the web, a high concentration of stress occurring at the 
base of the check. 

The fact that ultimate shearing stresses found in the narrower 
webs are higher than those found by shear-block tests is not sur- 
prising, as the distribution of stress in the latter is known not to 
be uniform, with the consequence that such tests give values of the 
ultimate stress that are too low. 
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— Balancing of Rotating Machinery 
in the Field 


By E. L. THEARLE,' SCHENECTADY, N. 


This paper describes a method and portable equipment 
for balancing rotating machinery while running under 
normal operating conditions. A direct and exact solution 
of the problem is offered, which makes it possible to 
balance a rotor completely by means of a definite pro- 
cedure utilizing the data obtained from only three balanc- 
ing runs of the machine. The system is so developed as to 
require a minimum of mental effort on the part of the 
operator. 


N RECENT years both the users and manufacturers of rota- 
I tive apparatus have given increasing attention to the matter 

of vibration elimination. This has resulted in considerable 
progress in the development. of machines and processes for the 
production balancing of rotating parts in the factory. There 
exists also the problem of balancing rotating machinery in the 
field, with the rotor mounted in its own bearings and probably 
running under normal operating conditions. 

Machines which have been serviced must often be rebalanced 
before use. Also, the state of unbalance of a rotor may change, 
as time goes on, due to the slight shifting of its parts or to the 
gradual relief of stresses in the shaft or body of the rotor. In 
such cases, which occur frequently, the cost and delay of disas- 
sembly, shipment of the rotor to and from a balancing machine, 
and reassembly are usually prohibitive. 

Many rotors change shape slightly with changes of running 
speed, and will therefore show considerable unbalance at their 
normal running speed even though carefully balanced at some 
lower speed in a balancing machine. 

There have recently been built several very large turbo-alter- 
nators, the alternator field alone weighing over 100 tons, which 
is too great a weight for any available balancing machine. Such 
rotors must be balanced in their own bearings. 

Thus there is a real need for a direct and scientific method of 
dynamic balancing in the field—one simple of application and 
utilizing readily portable equipment. The system of balancing 
to be described was developed in view of this need. Experience 
with this system indicates that in many cases its use accomplishes 
a better balance in a shorter time than is realized with the usual 
balancing machine. 

There are many possible causes of vibration? in rotating ma- 
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chinery other than unbalance. This paper will be limited to a 
description of means of dealing with that component of vibration 
which occurs at running-speed frequency, caused by mass un- 
balance in the rotating member. This is the only component 
of vibration which may be eliminated by the addition of balance 
weights to the rotating mass. However, the system and equip- 
ment here described will not only simplify the elimination of vi- 
bration at running-speed frequency, but will aid in analysis to 
determine the causes of vibration at other frequencies. 

For the present let us simplify the problem by considering a 
single, substantially rigid, rotating mass mounted in two sup- 
porting bearings. Many actual machines may be considered 
as a combination of such units which may be treated separately. 
It can be shown that, for the correct balance of such a rotor, two 
weights placed in different radial planes of the rotor are in general 
necessary and are always sufficient. For the purpose of this 
illustration, a rotor having a horizontal axis of rotation will be 
assumed. Such a rotor is represented diagrammatically in Fig. 1. 

. 


HORIZONTAL RADIAL 
VERTICAL RADIAL 


The vibratory motion of any point on either bearing or pedestal 
may be represented by three components—the horizontal and 
vertical radial components and the axial component. The 
purpose of balancing, at any chosen running speed of the rotor, 
is to reduce the greatest of these three components to a practical 
minimum. When this is accomplished, the other two compo- 
nents will also have been reduced and will remain less than that 
component originally greatest. For the sake of example, it 
will here be assumed that the horizontal radial component is the 
greatest; therefore only this component will be dealt with in the 
analysis. If either one of the other components is the greatest, 
the procedure is the same except that measurements are made 
in the direction corresponding to this greatest component. 
It follows, in this ideal case, that if the horizontal components of 
vibration of two points, one chosen on each pedestal, are re- 
duced to zero, the purpose of balancing has been accomplished 
and no vibration is transmitted to the structure supporting the 
rotor. 

When balancing any substantially rigid rotor there are four 
variables to be dealt with—the amount and position of each of 
two corrective weights, to be placed in different radial planes of 
the rotor, usually one near each end of the rotor as shown in 
Fig. 1. The farther apart these corrective planes are, the smaller, 
in general, may be the corrective weights. 

When balancing such a rotor in a balancing machine, the rotor 
may be mounted elastically in such a way that it is pivoted to 
oscillate about some chosen radial axis. If this is done, only two 
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of the four unknown variables (one weight and its position) 
need be dealt with at once. When balancing a large rotor in its 
own bearings in the field (or factory) it has been customary to 
assume that a balance weight on any one end of the rotor in- 
fluences the vibration of the corresponding pedestal only. This 
is not the case. Thus when balancing by the method most 
commonly used heretofore, a weight W. (Fig. 1) will be found 
and placed at a certain angular position on the rotor (deter- 
mined largely by trial and error) such that the nearest pedestal 
N does not vibrate more than a practical tolerance. Then, 
similarly, a weight Wy is determined and placed on the rotor in 
such a position that pedestal F is practically vibrationless. 


2 


Returning to pedestal N, it is usually found that the weight W, 
has destroyed the previous work done there. , Subsequently, 
further correction at end N destroys the apparent balance ob- 
tained at F by weight Wy, and so on. With very long rotors it 
is true that this series may converge fairly rapidly, but the 
method still involves many expensive trial runs. With some 
quite short rotors, this series may actually diverge, and balancing 
by this method becomes impossible. A correct method of 
balancing in the field must therefore deal simultaneously with 
four variables—the amount and position of each of two weights. 
The system to be described here does this by including the effect 
of each weight on both pedestals or on any other two points 


chosen on the machine. 
REPRESENTATION OF VIBRATIONS BY VECTORS > 


The sinusoidal component of vibration of any point in any 
chosen direction may be completely specified by a line, known 
as its generating vector, such as ON in Fig. 2 where the length 
ON specifies the amplitude of the vibration. When the vibra- 
tion under consideration is produced by a rotating mass, such as 
a machine rotor, the generating vector ON is thought of as ro- 
tating about point O at the same speed as the machine rotor. 
If OR represents some arbitrarily chosen zero line of reference 
marked on and rotating with the rotor, then the angle 6 will be 
known as the “phase angle” of the generating vector ON. The 
projection of the vector ON on the fixed axis OX will then repre- 
sent the displacement of the vibrating point from its mid-posi- 
tion at any instant. Having fixed the zero reference line OR 
on the rotor, the sinusoidal component of vibration of a point in 
any chosen direction may be completely specified by the am- 
plitude (length ON) and phase angle 6 of its generating vector. 
It will later become evident that here we are interested mainly 
in differences between phase angles, and that absolute phase 
angles, measured from some known radial line on the rotor to be 
balanced, do not enter into the calculations. For the sake of 
uniformity in representing the generating vectors of any vibra- 
tions, during calculation their phase angles will arbitrarily be 
measured from the horizontal or X axis. 

Fig. 3a shows the generating vectors N and F, specifying the 
synchronous vibration of any two points N and F, in successive 
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positions as they are considered to be rotating with constant 
phase angles 5 and e measured from the line OR fixed to, or 
marked on, the rotor. In Fig. 3b the sinusoidal displacements of 
the vibrating points N and F are plotted against time, or angular 
displacement of the rotor, showing how these generating vectors 
N and F specify the motions of their corresponding points N and 
F. 


‘“‘SINGLE-PLANEB” BALANCING 


The simplest mass to balance is one which is relatively short 
axially compared to its diameter, and which is known to exert 
no dynamic couples. Such a mass may be represented by a 
symmetrical flywheel on a true-running shaft which rotates in 
two bearings. Under these assumed conditions, a single cor- 
rective weight placed at some chosen radius in the radial plane 
of symmetry of the wheel will be sufficient to produce a balance 
and therefore to eliminate, simultaneously, vibrations of both 
pedestals. 

The simplest and most crude method of determining phase 
angles of vibration is by marking the shaft as it rotates. A 
stylus held near the rotating shaft, which has previously been 
painted with chalk, will mark the “high side’’ of the shaft as it 
rotates and vibrates, giving a rough indication of the phase 
angle of vibration. The amplitude of vibration may be deter- 
mined by means of any of the common vibration-amplitude in- 
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shaft marked as already described, and the amplitude of vibration __ 
measured. Upon bringing the wheel to rest, the mark on the 


The unbalanced wheel is now rotated at some chosen speed, the — 7 

shaft may appear as shown at a, Fig. 4(a). The vibration which 7 


existed may be represented by its generating vector Oa, drawn 
as shown by Fig. 4(b) in any direction and of a length propor- 
tional to the measured amplitude. 

A trial weight W,, of any convenient size, is placed at any 
convenient point at a chosen radius on the wheel, as shown in — Lt 
Fig. 4a, the wheel again rotated at its former speed, the shaft _ 
marked, and the amplitude of vibration observed. The second | 


mark on the shaft may now appear as at b, Fig. 4(a), shifted | 
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through an angle 4, in a counter-clockwise direction, from its former 
position. This vibration which took place with the trial weight 
in place may now be represented by its generating vector Ob 
drawn, as in Fig. 4(b), displaced an angle 6 in a counter-clockwise 
direction from the original vector Oa, and of a length proportional 
to the last observed amplitude. 

The vector ab then represents the change in the vibration 
produced by the trial weight W;. It is then apparent from the 
diagram of Fig. 4 that if the trial weight W:, and therefore its 
effect (vector ab), are displaced through the angle y, and its 
magnitude is increased to 


its resultant effect will be equal in magnitude and opposite 
in direction to the original vibration vector Oa, and will, therefore, 
annul the original vibration. This treatment is based upon the 
assumption that, at the same speed of rotation, vibration am- 
plitudes are proportional to the unbalanced forces producing 
them. The assumption is, in general, justified by both theoreti- 
cal considerations and experience. The determination of phase 
angles by shaft marking is not sufficiently accurate to yield very 
satisfactory results and a more accurate means of measurement 
will be described later. The example given, illustrating a method 
described in the literature before,? was inserted here simply as an 
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aid to the understanding of the complete system of balancing to 
be presented. 


Vector ALGEBRA 


The solution of the general balance problem is greatly facili- 
tated by the use of vector algebra. Here we deal with the vec- 
tors N, F, A, and B and the vector operators a, 8, 6, and ¢. 
These vectors and vector operators each have two dimensions, 
a magnitude and an angle. It is thus necessary to state both the 
magnitude and the angle in order to specify any one of these 
quantities. 

Writing an operator before any vector indicates the operation 
of rotating the vector through the angle of the operator and 
multiplying the magnitude of the vector by the magnitude of the 
operator. Thus writing the operator a before the vector A, 
as aA, produces a new vector aA of magnitude equal to the 
product of the magnitudes of a and A, and at an angle equal to 
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the sum of their angles. This new vector aA, therefore, bears 
a definite angular relation and magnitude ratio to the original 
vector A, fixed by the operator a. 

For example, suppose the vector A is of magnitude 12 units, 
at an angle of 30 deg, as shown in Fig. 5. The vector A may 
then be written A = 12 units, 30 deg. The operator a = 0.6, 
10 deg, for example, applied to the vector A, gives the new vector 
aA, such that the magnitude of aA = 0.6 X 12 units = 7.2 units 
and the angle of aA = 30 deg + 10 deg = 40 deg. Thus the 
vector aA = 7.2 units, 40 deg, as shown in Fig. 5. This opera- 


tion is.written as a multiplication and, as such, follows the com- 
mon laws of algebra. 

Also, a vector may be “divided” by an operator to give a new 
vector, or a vector may be divided by another vector to deter- 
mine the operator relating them. Thus for example, if A = 
12 units, 30 deg, and a = 0.6, 10 deg, then A/a = C. Hence 
the magnitude of C = 12/0.6 = 20 units, the angle of C = 30 
deg — 10 deg = 20 deg, and C = 20 units, 20 deg. 

With these same values of A and C, if A/C = a, then the 
magnitude of a = 12/20 = 0.6, the angle of a = 30 deg — 20 
deg = 10 deg, and a = 0.6, 10 deg. The operator A/A = 1 is 
obviously of magnitude unity, at zero angle. These operations, 
written as division, also follow the common laws of algebra. 

It is felt that vector subtraction, which is the only other opera- 
tion required here, may be most advantageously accomplished 
graphically on a polar-coordinate chart prepared for the purpose. 
For example, suppose A = 12 units, 30 deg, and B = 9 units, 120 
deg. 

To determine A-B, by subtracting vector B from vector A (see 
lig. 6), draw A, 12 units long, at 30 deg, and B, 9 units long, at 
120 deg. 

Then A-B is the vector drawn from B to A (indicated by 
B-— A). Its magnitude may be determined by direct measure- 
ment. Its angle is determined by drawing the iine ba parallel to 
BA, by means of a parallel ruler, and reading the angle directly at 
a. Care must be exercised to read the angle corresponding to the 
vector from B to A rather than that from A to B. 
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Dvuat-PLANE BALANCING 

As previously pointed out, the correct balance of a com- 
= long and substantially rigid rotor supported in two 


pedestals, as shown in Fig. 7, in general requires the addition of 
two corrective weights, one in each of two separate radial planes. 
The data necessary to determine the amounts and positions of 
the two corrective weights is obtained in three runs, all at the 
_ same chosen balancing speed, by measuring vibration amplitude 
and phase angle at each of any two chosen points on the machine 
under each of the following three conditions: 
(1) No corrective weights on the rotor 
(2) Any single known weight, of reasonable amount, 
placed at any angular position on the first end of the 
rotor 
(3) Any single known weight of reasonable amount placed 


The first of these three runs determines the generating vectors 
of the vibrations to be eliminated, and the latter two runs deter- 
_ mine the susceptibility of the rotor vibration to individual weights 
_ placed in each of its two chosen balancing planes separately. 
apparatus used in making vibration-amplitude and phase- 
angle measurements, to be described, includes a contactor which 
_ is attached to one end of the machine, rotating synchronously 
with it, and from which phase angles are read directly. (See 
Fig. 7a.) All readings are made from this station. In this 
_ work, the balancing planes, or ends of the rotor, and sides of the 
machine are distinguished as the near end, the far end, and the 
right and left sides, as they would appear to an observer stationed 
at the contactor and facing the machine. Also, the positive 
direction of measuring angles is taken as counter-clockwise as it 
would appear to an observer in the above position. This nomen- 
clature eliminates the confusion incident to the use of the terms 
B front, rear, collector end, commutator end, etc., which ere not 
universally applicable. 
It must here be assumed that the vibrating system with which 
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we are dealing is linear, i.e., vibration amplitudes are proportional 
to the forces causing them. This is an ideal state usually closely 
approximated in practise. 

Consider now the balancing of such a rotor as shown in Fig. 
7a. The rotor is run at some pre-chosen balancing speed and the 
vibration amplitudes and phase angles are measured at the near- 
end and far-end points P, and P;, respectively. These measure- 
ments determine the generating vectors of the vibrations which 
are to be annulled: N at an angle 6 and F at an angle « as laid 
out in Fig. 7b. This constitutes the first run. 

A trial weight W’, of any reasonable amount is then applied 
at any angular position in the near-end balancing plane. The 
amount and position of this weight are recorded. The second 
run is then made, at the same speed as before, and measurements | 
of the amplitudes and phase angles at points Pa and Py are re- 
peated. It will be found that the application of the trial weight 
W’, has changed the generating vectors of the vibrations at these 
two points to N; and F; (at angles 4, and ¢) as shown in Fig. 7c. 
The effect of this trial weight on the vibration of the near-end 
pedestal is then shown by the vector drawn from N to N», 
(Fig. 7c). (N~N,) =N.—N=A 

Similarly, the effect of this same weight on the vibration of the 
far-end pedestal is shown by the vector drawn from F to Fs, 
(Fig. 7c). (F— F,) = F:—F 

The vectors N — N2 and F — F; represent the effects of the 
same weight W’s. Assuming a linear system (effects propor- : 
tional to causes) if this weight be increased by any amount, the 
vectors N — N2 and F -» F, will be increased proportionately. 
Also if the position of this weight on the rotor be shifted through 
any angle, these vectors F F; and N— will be turned 
through the same angle. Thus there is a definite ratio of mag- _ 


nitudes of N — N2 and F -— F; and a fixed angle between them, 
Therefore, if 


independent of the state of balance of the rotor. 
the vector N — N; is written 


N—~N2 =A 
the vector F — F; may be written 


where a is a vector operator which is a constant characteristic of 
the machine and its mounting. 

The weight W’, is now removed and a trial weight W’, of 
any reasonable amount is applied at any angular position in the 
far-end balancing plane. 

The third run is then made, at the same speed as before, ob- 
serving the angle and amplitude readings which determine the 
generating vectors N; and F; of the vibrations at the near-end — 
and far-end pedestals, respectively. These vectors are shown in — 
Fig. 7d. The effect of the weight W’, on the far-end pedestal 
may then be represented by the vector 


F—F,=F,—F=B 


Since the effect N — N; on the near-end pedestal is due to <i 
same weight W’;, this vector may be written int 


N—~wN; = N;—WN = 8B 


where @ is a vector operator similar to a. 

The vectors A, aA, B, and 8B, redrawn in Fig. 7e, specify the 
susceptibility of the machine to balance weights. Having de- 
termined, in three runs of the machine, the vibrations which it is — 
desired to eliminate and the susceptibility of the machine to 
weights, we now wish to calculate the final weights Wn and Wy 
which will give a correct balance. 

The trial weights W’, and W’ and the final weights W» 
and Wy require a statement of both magnitude and position 
(direction) to specify each of them. They are therefore vector i, 
quantities and may be treated as such. Each final weight may 
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and a multiplication. Thus the two new vector operators 6 


and ¢ may be introduced such that 


Wa = 0 W's 

Assuming vibration amplitudes to be proportional to the 
forces causing them, any vector operation @ on a trial weight 
W'n», for example, will result in the same vector operation on the 
effects A and aA of that weight. 

The statement may now be written that the operations @ and 
¢ performed on the trial weights W’, and W’;, respectively, will 
balance the rotor. This is equivalent to writing the statement 
that the operators @ and ¢ applied to the effects A, aA, B, and 
8B of these trial weights, will produce new effects equal and op- 
posite to the generating vectors N and F of the original vibration. 
Thus 


0A +4 8B = —N 
and ¢B +60aA = —F 


Solving these equations for the operators @ and ¢, 


[2] 

and 


It must be remembered that all quantities appearing in Equa- 
tions [2] and [3] are vector quantities, and that all operations 
indicated are vector operations as previously defined. 


NOT ™ Scare. | wen = (20) oF CHEecK RUN , N= Fe 

be derived from its corresponding trial weight by a shift in angle a i CALCULATIONS ») = 


7 tractions are performed graphically. For example, under con- 


The calculation of @ and ¢ from [2] and [3] may be made in 


the following series of steps: 


= 


(1) Observed data: 
N; F; N32; Fs; N3; Fs 
(2) Graphical: 


A=N:.—N; aA = F,—F; B=F;—F; BB =N;—N 
a = aA/A; 8 = 8B/B; aN; BF 
(4) Graphical: 
Arithmetic: 


0A = @B = (aN 
6 = 0A/A; = oB/B 


- F)/(1 — ap); 


These calculations are most easily made on the standard sheet 
devised for this purpose, as shown with sample calculations in 
Fig. 8. On this sheet each step in the calculation is indicated. 
Vector multiplications and divisions are replaced by their equiva- 
lent components appearing only as arithmetic additions, sub- 
tractions, multiplications, and divisions. For example, the angle 
of a, item 13, is indicated as being found by subtracting item 5 
from item 9, (9— 5). The magnitude of a, item 14, is indicated 
as (10 + 6), found by dividing item 10 by item 6. Vector sub- 
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struction No. 1, Fig. 8, the values of angle and magnitude of A 
items 5 and 6, are indicated as direct measurements of the vector 
N — No», as drawn, by (5,6 = N — N2). These measurements 
- are made as shown in the preceding section on vector algebra. 
The operators 0 and ¢ appear as the result of these calculations. 
For example, item 31, @, is the angle through which the near-end 
trial weight should be shifted, in a counter-clockwise direction, 
to be in the position of the correct final weight. Item 32 is the 


NEAR 
END 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


METER 
— 


in the gap of the magnetic circuit, and is caused to vibrate with 
the machine pedestal, by means of the slender rod (g). 

In order to maintain ruggedness of design, the flat springs 
(e) must be so stiff axially that the natural frequency of vibration 
of coil relative to magnetic field would not differ sufficiently from 
the frequency of vibration of some low-speed machinery. If this 
generator were used on low-speed machinery, the field structure 
would not remain substantially stationary in space, and the mo- 
tion of the coil relative to the fieid would not be a true 
measure of the vibration of the machine pedestal. 

To avoid this difficulty, the mechanism at the end of 
the instrument serves as a “negative spring” to balance 
the positive stiffness of the flat springs (e) and thus 
lower the natural frequency of vibration of the instrument 
without sacrifice of ruggedness. The notched blocks (j) 
are fixed to the magnetic field of the generator by means 
of the flat springs (hk). The adjustable notched ring (m) 
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number by which this trial weight should be multiplied to give the 

amount of the correct final weight. Similarly, items 33 and 34 

are the corresponding angle and amount of the operator ¢. 

Thus operators @ and ¢ determine the corrective weights to be 

applied to the rotor, and the application of these weights com- 
pletes the process. 


REFINEMENT OF BALANCE 


Many actual machines will be found to be non-linear. That is, 
changes in vibration amplitude will not be exactly proportional 
to the balance weights producing them. For this reason, and 
because of errors of measurement and calculation, it may be 
found desirable to refine the balance of a machine after having 
completed the process described above. 

Providing no change in the machine has been made, such as of 
speed or means of support, having once completed the above 
balancing process, requiring three runs, any subsequent re- 
balancing requires only a single run. 

After having applied the corrective weights dic- 


_ tated by any previous balancing, the machine is ee 
again run and new measurements of the vectors ry) 


N and F are made and recorded on a new calcula- 
tion sheet. All items on the previous calculation 
sheet which are marked with an asterisk may be 
transferred to the new sheet and the calculations 
repeated as before. 


MEASUREMENT OF VIBRATION 


is fixed, to the central tube (d) carrying the coil. The stiff 

struts (k) pivot in the notches of the blocks (j) and the 
ring (m), and are loaded by means of the adjustable springs (n). 
An axial displacement of the tube (d) and coil, relative to the 
field, thus tilts the struts and introduces a ‘“‘negative’’ restoring 
force, substantially proportional to the displacement. By ad- 
justment of the tension in the springs (n) this negative restoring 
force may be made approximately equal to the positive restoring 
force exerted by the flat springs (e), thus reducing the natural 
frequency of vibration of the instrument to a very low value and 
making it suitable for use on low-speed machinery. 

When one of these generators is attached to a vibrating ma- 
chine, the field structure of the instrument remains practically 
stationary in space while the coil vibrates with the machine and 
generates an alternating electromotive force proportional to the 
velocity of this vibration. If true vibration indications are to 
be obtained, the suspension of the instrument as described is 
quite necessary because of the great difficulty in finding a truly 
stationary point on any building or struciure surrounding a 
vibrating machine. 


_ ing method here described, instruments have been 
_ devised by means of which vibration amplitude and 
phase angle can be accurately measured. This 
balancing equipment consists of two generators, a 
contactor, and a microammeter, with the necessary 
adaptors and connections. The instruments are 
set up on a machine to be balanced as shown diagrammatically 
in Fig. 9. The two generators are identical and are attached 


Fig. 10 shows a cross-section through one of these generators, 

as mounted on a machine pedestal (a) for horizontal vibration. 

_ The main body of the generator is a permanent-magnetic-field 

; structure (6), annular in form, suspended by the springs (c). 
; The central tube (d) is carried by two flat springs (e) which main- 
tain rigid radial alignment, but permit easy axial motion, of 
Nn a the tube relative to the field (6). The tube (d) carries the coil (f), 


In order to take full advantage of the balanc- qinilan)-= 


| 
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Fig. 11 shows the external appearance of a generator arranged 
for horizontal vibration. Fig. 12 shows a generator mounted on 
the pedestal of a 35,000-kw turbine. For dealing with the ver- 
tical component of a vibration, the instrument is mounted as 
shown in Fig. 13. 

The contactor mechanism is shown diagrammatically in Fig. 
14. An adapter (a) is fixed to the end of the machine shaft (b) 
by means of three small screws. A clutch (c) is arranged so that 
the contactor may be connected to or disconnected from the 
machine, while it is running, without losing the angular relation 
between machine and contactor. The cam (e), driven through 
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the flexible shaft (d), maintains the contact (f) closed during 180 
deg of each revolution of the machine, and open the remaining 
half revolution. The contact mechanism (f) may be turned 
about the axis of the cam by means of the handwheel (g). The 
pointer (h), from which phase angles of vibration are read di- 
rectly on the scale (j), is fixed to the disk which carries the con- 
tact mechanism (f), and moves with it. The pointer (k), which 
rotates with the cam, is only a convenience when attaching trial 
weights to the machine and is not essential. The hand-wheel (g) 
is geared to the contact mechanism (f) in the ratio of twelve to 
one, so that three revolutions of the hand-wheel shifts the phase 
angle of contact 90 deg. Since only angular differences are 
used in the balancing calculations, no predetermined angular 
relation between the cam and machine rotor need be observed 
when attaching the contactor adapter to the machine shaft. 
Fig. 15 shows the complete contactor and adapter, disconnected. 
The face of the contactor is shown in Fig. 16. 


(Mounted for horizontal vibration.) 
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The meter is a highly damped, direct-current microammeter 
as shown in Fig. 17. It is arranged with a tumbler switch for 
connecting to either generator and a ratio switch giving meter 
readings in the ratio of 1, 3, 10, and 30 so that the 
most suitable scale may be used for any vibration 
amplitude to be dealt with. Leads from the two 
generators and the contactor plug into the meter 
box. 

Consider now the operation of these units when 
brought together on a machine to be balanced, and 
connected as shown in Fig. 9 with, for example, the 
switch thrown to the generator on pedestal A. Re- 
ferring to Fig. 18, curve a represents the sinusoidal 
displacement of pedestal A during its vibration. 
The vibration velocity is the first derivative of curve 
a which is shown as curve b. Vibration velocity is 
also sinusoidal; it is zero when displacement is a — 
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is zero, as shown by curve b. Since the electromotive force in- 
duced in the generator coil is proportional to vibration velocity, 
and since meter current is proportional to it, curve b may repre- 
sent the meter current which would flow if the circuit through the 
meter were continuously closed. However, the contactor main- 
tains the circuit closed only during one half of each revolution of 
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(Mounted for vertical vibration.) 
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: the machine. If the circuit were closed at c, for example, it would 
be opened at d, Fig. 18. The meter would then receive an im- 
pulse, once per revolution of the machine, of magnitude repre- 
sented by the shaded area under curve b. Since the positive 
and negative portions of this area are not equal, the meter will 
read something other than zero. 

If, now, the contact mechanism is shifted about the cam, by 

turning the contactor hand-wheel until the meter reads zero 

(and meter needle moves in same direction as hand-wheel), 

then contact is being made at c and broken at d, Fig. 19, the 

: positive and negative areas under curve b being equal. The 
; pointer (h), Fig. 14, on the contactor then indicates the point 
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(e), Fig. 19, at the mid-point of the closed-circuit period, which 
also locates the point f of extreme displacement of the pedestal. 
The reading of the contactor pointer (h) on scale (j), Fig. 14, is 
then taken as the phase angle of the vibration of pedestal A. 

Now if the contactor hand-wheel is turned three revolutions, 
the contactor is turned through 90 deg, and the meter receives 
an impulse equivalent to the full half-wave of electromotive force 
or vibration velocity. The meter will then read a maximum, and 
since this reading is proportional to the amplitude of vibration it 
is recorded as such. This apparatus thus permits of accurate 
= measurement of both phase angle and amplitude of vibration. 

ee angles read directly from the contactor dial and meter 
readings are recorded directly on the standard calculation sheet as 
shown in Fig. 8. 

The use of special cobalt-steel magnets in both the generators 
and the meter gives high output from the generators and high 
sensitivity in the meter without sacrifice of ruggedness. With 
the meter ratio switch in the position for maximum sensitivity a 
vibration of only one mil (double amplitude), at a frequency of 
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1200 cycles per min, produces approximately full-scale deflection of 
the meter needle. Under these conditions phase angles can 
easily be read to within one degree. Since the generator output 
is proportional to vibration velocity, at 3600 rpm, for example, 
three times this sensitivity would be obtained. Thus the greater 
sensitivity is obtained at the higher speeds where accuracy of ; 
balance is most desirable. wt eee 


e's 
CompLexX MACHINES 


Many machines are made up of several units running in more 
than two bearings. In some such cases it may be convenient to 
uncouple the units and balance each one separately. The driving 
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unit may be run alone and balanced first. Then each of the other 
units may be coupled to it and balanced, one at a time. 
Where it is inconvenient to run any unit singly, such as, per-— 

haps, in a three-bearing, two-unit set, there are several methods of | 

attack. If such a machine is made up of rotors 1 and 2 angel 

in bearings A, B, and C, the balancer generators may first be 

placed on pedestals A and B and rotor 1 balanced, neglecting the — 

effect on pedestal C. When this is completed, the generators 

may be placed on pedestals B and C and rotor 2 balanced. This 

procedure may be repeated for a refinement of balance. Or, a few 

observations may indicate that some one pedestal is not very 

susceptible to changes in balance weights or that balance weights : 

in certain corrective planes have but little influence on the vibra- 

tion of the machine. In such cases this pedestal or these cor- 


rective weights may be temporarily neglected in order to reduce 
the problem to its simplest form. 

Some machines, certain steam turbines, for example, are so 
arranged that in the field it is inconvenient to attach balance 
weights to the rotor in two planes, only a single plane being 
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available in which to apply a corrective weight. In such cases 
a compromise balance is sought by applying the simple vector 
method of calculation, as shown in Fig. 4, to vibration observa- 
tions made at each end of the machine. In this way a single 


OF VIBRATION 
~VELOCITY OF 


VIBRATION 
OR E.M.F 


DISPLACEMENT 
OR VELOCITY 


ONE REVOLUTION OF ROTOR — 
ANGULAR DISPLACEMENT OF ROTOR 


DISPLACEMENT 


Fia. 19 


balance weight may be determined which will result in minimum 
vibration amplitudes. 

Relatively long and slender rotors may cause some difficulty in 
balancing due to distortion. This may usually be overcome by 
treating the balancing corrections as two components—a couple 
component and a force or so-called “‘static’? component. The 
latter is distributed along the length of the rotor, thus reducing its 
deflection. 

CoNcLUSION 


Only the basic system has been described. Space will not per- 
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mit a discussion of the many variations which are most suited to 
particular types of machines. 

Experience with this balancing system in both the factory and 
the field has demonstrated its usefulness. In the factory, an 
effective balancing machine may be had by attaching the balanc- 
ing generators to almost any pair of bearings in which a rotor 
can be run at constant speed. For example, in the manufacture 
of some electrical machines, all rotors must be run at normal 


Fie. 20 PortTas_te BALANCING EQUIPMENT IN CARRYING CASB 
speed in a machine for grinding their commutators. Applying 
the balance generators to the grinder pedestals permits the bal- 
ancing operation to be completed in the same machine. 

High sensitivity of the instruments for measuring vibration 
eliminates the necessity of balancing a rotor in very flexibly 
mounted bearings which amplify the vibration amplitudes. This 
high sensitivity, together with a sound method of interpreting 
the data, provide a means of obtaining better results in less time 
than can be realized with the ordinary balancing machine. 
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High-Pressure-Steam and Binary Cycles asa 


By GUSTAF 


The purpose of this paper is to explore the possibilities 
of the mercury-steam cycle. Experimental work on di- 
phenyloxide leading to the construction of a Mollier chart 
is presented and the binary possibilities are developed. 
The properties of aluminum bromide and its binary-cycle 
possibilities together with a consideration of Dr. Koene- 
man’s zinc-ammonium-chloride binary cycle complete 
the discussion of binary cycles. Some cycles using steam 
alone at very high pressures are included as a basis of 
comparison and to point out that, in the steam cycle, the 
ultimate has not yet been reached. 


HE GENERAL question of power-generation economics 

has commanded the attention of many able engineers since 

the starting of the now memorable Pearl Street Station in 

New York City. Over a period of years the utility companies, 

in this country in particular, have made great strides in reducing 

the amount of fuel required per unit of electrical power generated. 

During the period 1919 to 1931 the reduction of coal per kilowatt- 

hour amounted to 50 per cent for the country as a whole. It is 
only natural, therefore, to ask what the future has in store. 

When we analyze this improvement, it is apparent that while a 
considerable part has been due to the mechanical perfection of 
heat-conversion equipment, the greater part has been due to in- 
creasing the initial temperature and pressure of the universal 
vapor employed, namely steam, at the turbine throttle. Wehave 
increased temperatures to 750 F and, in some cases, 800 F and 
are now experimenting with 1000 F. The properties of metals at 
elevated temperatures are limiting the further increase in tem- 
peratures at present. 

In the progressive increase in pressure, we have passed the 
400- and 600- and have now reached 1200-Ib per sq in. mark for 
commercial operation. In a few instances, still higher pressures 
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are being tried although most are experimental installations. 
This increase in pressure has not been without difficulties since 
more rugged design and different types of equipment are neces- 
sary. It has become expedient, therefore, to inquire as to 
whether there are possibilities of still further increases in tem- 
perature and pressure, and, in the event that the answer is nega- 
tive, what other means are available for improvement in cycle 
efficiency. 

The possibility of employing two vapors in what is known as a 
binary cycle has held out potentialities for some time. How- 
ever, it was only in July, 1923, that the first experimental plant of 
any importance was put into operation at Dutch Point, Conn., 
using mercury vapor and steam. This was followed by a com- 
mercial installation at Hartford, Conn. in 1930, and two larger 
installations in 1933. 

A diligent search has been made for fluids other than mercury 
to use in a binary cycle, but the conditions that must be satis- 
fied are so exacting that it has been possible to find only a few such 
fluids. 

It is the purpose of this paper to explore the thermal and eco- 
nomic possibilities of the mercury-steam cycle. Results of ex- 
perimental work on diphenyloxide leading to the construction of a 
Mollier chart are also presented and binary-cycle possibilities 
involving thermal and economic considerations are developed. A 
brief consideration of the known properties of aluminum bromide 
and its binary-cycle possibilities, along with a consideration of 
Dr. Koeneman’s zinc-ammonium-chloride binary cycle, complete 
the discussion of binary cycles. Some cycles using steam alone 
at very high pressures are included to form a base for comparison 
and to point out that we have not yet reached the end of the steam 
cycle. 

In the following cycle analyses, it should be borne in mind 
that they are not purely theoretical, all conditions of operation, 
such as turbine efficiency, boiler overall efficiency, terminal- 
temperature differences, pressure drops in piping, radiation losses, 
and power consumed by auxiliaries, having been taken into ac- 
count in arriving at the final results. 


F.Luip PROPERTIES FOR A BINARY CYCLE 


It will be necessary to develop or establish the characteristics a 
fluid should possess in order that it may be desirable for use in a 
binary cycle. Briefly, a binary cycle is one in which one fluid is 
heated and vaporized in a boiler and expanded through a turbine, 
a certain amount of work being performed, with a corresponding 
reduction in heat content as well as temperature of the vapor. 
This vapor then flows into a condenser which is in reality a heat 
exchanger, for upon condensation it heats and vaporizes a second 
fluid. The first fluid after condensation is pumped back to its 
boiler, and completes one cycle, while the second fluid after 
vaporization usually has to be superheated before being piped to 
its turbine. After producing work in this second turbine, the 
second fluid vapor is condensed in an ordinary water-cooled 
condenser and pumped back to the original heat exchanger where 
it was vaporized, thus forming a second cycle. oteeninadial 
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Considering that available cooling-water temperature sets a 
minimum lower temperature of 50 F to 100 F depending on the 
season and that steam can be expanded efficiently down to this 
temperature, it is apparent that steam will probably remain the 
“lower” fluid in a binary cycle and other fluids will be used as the 
“top” fluid. 

The following conditions must, in general, be satisfied by a 
fluid to be acceptable as a top fluid in a binary cycle: 


( 1 The vapor-pressure curve must be such that reasonable 
pressures, perhaps not over 300 lb per sq in., obtain at 
highest operating temperatures 

2 The critical temperature should be well above any 
possible desirable upper limit of temperature for cycle 
operation 

3 The vapor pressure at a desirable ccndensation tempera- 

ture should be nearly atmospheric or at least not so 

as to require excessive power for maintenance of 

vacuum 


The specific heat of the liquid should be low relative to 
water 
5 The fluid should not be costly and should be obtainable 
in reasonably large quantities 
6 The fluid should have no corrosive action upon metals 
ordinarily employed in power-generation practise 
7 The fluid should not be poisonous or toxic and therefore 
endanger human life 
8 The freezing point of the fluid should be well below am- 
bient room temperature 
9 The fluid should be stable under conditions of cycle 
operation at elevated temperatures 
10 The vapor condition after expansion through a turbine 
should be nearly saturated so that a reasonable coef- 
ficient of heat transfer will obtain. 


In the light of these requirements, several fluids have been 
considered. There are no known pure metals other than mercury 
which are not corrosive, have the required vapor-pressure relation, 
etc. Of the compounds there are diphenyl (CsHs)2z, diphenyl- 
oxide (C.Hs).0, aluminum bromide, Al.Bre, and zinc ammonium 
chloride, Zn(NH;),Cl. 

Diphenyl and diphenyloxide are very similar in all physical 
properties, such as vapor-pressure curve, specific heat of liquid, 
latent heat, and specific heat of saturated vapor. Since experi- 
mental data were obtained upon a mixture of 75 per cent diphenyl- 
oxide and 25 per cent diphenyl and was taken as representative of 
diphenyloxide, complete data on diphenyloxide only will be de- 
veloped. Diphenyl has the disadvantage of melting at 156 F, 
so that there is danger of freezing the fluid in the pipe lines unless 
special precautions are taken to drain all the fluid back to the 
boiler when shutting down. Regarding cost, the Swann Chemi- 
cal Co., of Birmingham, Ala., stands ready to furnish this fluid 
in car load lots at 18 cents per lb f.o.b. factory. Since the source 
of diphenyl is benzene there is no question of an ample supply of 
the fluid. It has no known corrosive action upon metals used in 
heat transfer work and is not poisonous. To summarize, since 
its other physical properties are similar to those of diphenyloxide, 
but its latent heat is slightly higher, it is confidently expected 
that its cycle efficiency will be only a per cent or so higher than a 
diphenyloxide cycle. 

The zinc-ammonium-chloride cycle was established by Dr. E. 
Koeneman (1)? of Berlin, Germany, in 1930, and it will be dis- 
cussed later in this paper. A short reference to the aluminum 
bromide-steam cycle is also given under a discussion of the vari- 
ous cycles. 


2? Numbers in parentheses refer to similarly numbered items in the 


bibliography given at the end of the paper. aid 
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HiGH-PRESSURE-STEAM CYCLES 


Before considering binary cycles, it will be advisable to examine 
the possibilities of the steam cycle at high temperatures and 
pressures. In the light of present limitations of metals, the 
initial temperature is taken as 800 F to a maximum of 1000 F. 
The Detroit Edison Co. (2) has demonstrated that 1000 F is en- 
tirely possible with proper selection of metals. 

Based largely upon the author’s experience and certain litera- 
ture hereafter cited, the following allowances have been made 
so that the cycles may represent practical operation: 


1 An overall-efficiency ratio of 82 per cent (3) for a steam 
turbine of 30,000 to 50,000 kw-capacity working mainly 
on a superheated steam 

2 A maximum of 11 per cent moisture content in the 
exhaust of the turbine at full load 

3 A terminal difference for feedwater heaters as follows: 


Feedwater Temperature Terminal Difference 


86 F to 230 

230F to300F 10F 
300 F to400F F 

400 F to 525 F 20 F 


4 Boiler efficiency of 85 per cent (4) including furnace 
with water walls, superheater, air heater, economizer, 
and reheater, if used, pulverized-coal firing and a design 
pressure up to 1200 pounds 

5 A pressure drop of 10 per cent between boiler and tur- 
bine, bleed points and their respective heaters, reheater 
piping and reheater 

6 Radiation loss of 2 per cent from bleed point to heater 
and 3 per cent for reheating lines 

7 Auxiliary power as determined from average pump, 
motor, and fan-efficiency test curves by reputable manu- 
facturers of such equipment 

8 Auxiliary power (5) for a pulverized-fuel system of 20 
kwhr per ton of coal prepared and fed to the boiler 

9 Feedwater to be heated in equal temperature steps to a 
maximum of 75-80 per cent of saturation temperature | 
corresponding to throttle pressure when the most | 
economical number of feedwater heaters are employed. 7 


Throughout this paper a plant capacity of 50,000 kw has been 
used so that flow quantities and other features for the steam and — 
binary cycles may be compared. 

Utilizing the foregoing factors, cycle efficiencies for steam plants | 
were worked out for pressures from 400 lb per sq in. to 3200 lb per 
sq in. and for temperatures up to 1000 F. The type of feed- : 
water cycle employed is shown in Figs. 1 and 2. Make-up is — 
through evaporators, and the deaerating heater is supplied with — 
steam maintained at a desirable minimum pressure from a higher _ 
stage at part load through pressure-reducing valves. The tur- 
bine expansion lines were drawn from considerable test data and 
allow for the greater stage efficiency obtainable in the superheated _ 
region than in the wet region. 7 

When high-pressure-steam cycles are considered, reheating is __ 
necessary, and it can be demonstrated that for operation at or 
near full load there is an optimum exhaust pressure. Various re- 
heat pressures were tried in a non-extraction cycle, turbine ef- 
ficiency being considered, to locate this optimum pressure. For 
a 1200-lb cycle, this pressure lies near 200 lb per sq in. depending 
upon initial temperature. The cycle arrangement of a 1200-lb — 
reheat plant is similar to that for a 2500-Ib reheat plant shown in 
Fig. 1, except that a standard boiler with water walls and gas — 
reheater is used in place of a Benson generator. The plant per- — 
formance at 800 F and 1000 F initial temperature is shown in 7 
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When the initial temperature is raised to 1000 F, the initial 
pressure can also be raised in a single-expansion cycle. Ex- 
pensive reheat boilers are eliminated and the turbine is a simple 
single-flow machine. The performance for a single expansion 
cycle with 900 lb and 1000 F initial and 1200 Ib and 1000 F initial 
is shown in Fig. 12. It is significant that the latter shows a 
performance equal to a 2500-lb plant with one stage of reheat. 

The 1200-pound cycle represents a maximum, using the 
conventional type of boiler, and in going to higher pressures the 


305F 


226-Ls, 800-F Crcie 


(First reheat at 900 lb to 800 F, second reheat at 200 lb to 800 F; 6-point extraction.) 


available data and designs of such boilers as the Benson, Atmos, 
Velox, and Loeffler were studied. At present only the Benson 
boiler has been in operation in a public-utility station long enough 
to have many of its difficulties ironed out and to provide operating 
as well as test data for large capacity generation. Mr. Leopold 
Herry (6) installed a Benson boiler in his Langerbrugge Station in 
Belgium in 1931 with a maximum capacity of 300,000 Ib per hr. 
It has functioned satisfactorily with some changes in design and is 
arranged as shown in Fig. 1. Overall-efficiency data were ob- 


| 
7 
> 


758 th 


tained and shows that 84 per cent is entirely possible. This 
figure and a Benson boiler are used in the higher pressure cycles. 
The next step beyond 1200 lb abs would seem to be to adopt 
that initial pressure which would necessitate only one reheat; 
being limited by the moisture content in the low-pressure turbine 
exhaust. This pressure occurs approximately at 2500 lb abs, and 
a similar study to that made for the 1200-Ib cycle was made in this 
case to locate the optimum exhaust pressure. This occurs in the 
vicinity of 500 Ib abs and, since this is within the commercial 
limit of the standard 600-lb turbine in point of existing designs, it 
was considered satisfactory. Figures were obtained on high- 
pressure and low-pressure packing leakage from existing 1200-lb 
installations, and are taken into account in all the higher pressure 
cycles. The cycles and results indicate that, even though 
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auxiliary power is mounting, there is a decided gain in cycle 
efficiency. Fig. 1 illustrates a 2500-lb cycle using a Benson 
generator, wherein the temperature of the feedwater is carried to 
a final temperature of 505 F (80 per cent of saturation tempera- 
ture) through stage bleeding. 

It is only natural to go to the critical pressure next. Two 
stages of reheat are necessary with 800 F initial temperature and 
the second reheat pressure has been fixed at 200 lb abs, bearing in 
mind the moisture in the low-pressure turbine exhaust. The 
best intermediate pressure then is approximately 900 lb abs. It is 
conceivable that the high-pressure and intermediate-pressure 
turbines would run at 3600 rpm and would be arranged in tandem 
as indicated in Fig.2. The Benson boiler can readily be arranged 
for two reheat stages as indicated. 

Some comment on these high-pressure cycles may be appropri- 
ate. It is realized that, whereas it is more efficient thermody- 
namically to return the heater drains as indicated, the power 
required to drive the pumps will nearly equal the cycle gain, and 
it might be better to cascade all drains to the deaerating heater. 
It is rather difficult to use anything other than a reciprocating 
type of drain pump when volumes are small and pressures very 


high. Also the total boiler-feed-pump head would probably be 
developed in two pumps rather than one. The percentage of 
power required by the feed pump is considerable, being 1.9 to 2.3 
per cent in a 2500-lb plant and 2.3 to 2.9 per cent in a critical- 
pressure plant for initial temperatures of 1000 F and 800 F, 
respectively, using multicylinder reciprocating pumps. Never- 
theless, the gains in plant performance are very real as shown on 
summary sheet in Fig. 12. 


MERCcURY-STEAM Binary CYcLEs 


Fortunately considerable experimental data on the properties 
of mercury are available. Tables of properties have been pub- 
lished both in Europe and in this country, and it seemed to the 
author after reviewing the literature, that an Englishman named 
Kearton (7) had done very good work in correlating all the known 
data. Power computations are, therefore, based upon Kearton’s 
tables. 

From data on the mercury-vapor installation at Hartford and 
by checking with the General Electric Co., the following operat- 
ing data were established: 


1 An overall-efficiency ratio of 75 per cent for a mercury 
vapor turbine working on vapor initially dry and 
saturated 

2 A terminal difference of 30 F across the mercury boiler- 
condenser between mercury condensate and steam vapor 
temperatures. 


The first question to be answered is whether the point of ex- 
haust of the mercury turbine makes any difference thermody- 
namically. A number of back pressures on the mercury turbine 
from 0.5 in. Hg to 8 in. Hg absolute were assumed, affecting of 
course the throttle pressure of the steam turbine, and it was as- 
sumed during this analysis that for the variation of final mercury 
condensate temperature it would be possible to maintain the 
30 F terminal difference. It was suspected that the best back 
pressure might be a function of the number of steam turbine ex- 
traction points, or turbine efficiency ratios. However, neither 
of the above, but only the shape of the respective Mollier charts, 
influence the location of the best back pressure. In order not to 
be misled, the auxiliary power was taken into consideration, 
giving the curves shown in Fig. 3. Both sets of curves indicate a 
best back pressure of 4 inches Hg abs and the latter exhaust 
pressure has been used in the various cycles proposed for a binary 
cycle. Computations also show that for terminal-temperature 
differences of 45 F and 60 F the overall binary-cyele efficiency is 
reduced 1 per cent and 2 per cent, respectively. 

While establishing the best back pressure, it was also deter- 
mined that for two-point extraction on the steam turbine the rate 
of mercury circulation increased almost linearly with back pres- 
sure while for four-point extraction on the steam turbine the 
rate of circulation remained almost constant. Also in both 
cases the percentage of total power developed in the mercury tur- 
bine decreased with back pressure as shown in Fig. 3. 

In working out various cycles, the possibility of extracting 
mercury for preheating the mercury liquid while being pumped 
back to the mercury boiler was considered. However, the steep- 
ness of the saturated liquid line, as indicated by a temperature- 
entropy chart showed that very little improvement, if any, in 
cycle efficiency could be obtained in this manner and the thought 
was dropped. A very real gain obtains in extracting the steam 
turbine for feedwater heating and this was carried to the economic 
limit. 

Since plants have been built with a mercury-unit capacity of 
20,000 kw and a corresponding steam capacity brings the total up 
to 50,000 kw, it was decided to base figures on this capacity of 
turbine plant. It affords a good comparison with a 50,000-kw 
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steam plant used as a base throughout. Mercury throttle pres- 
sures were selected at 85, 130, and 200 Ib abs, respectively, because 
the Hartford unit opevates at 85 lb abs, the new General Electric 
unit operates at 130 lb abs, and a 200-lb plant is envisioned in the 
future. The units now in operation do not represent maximum 
economy since they are interconnected with existing conditions. 
For example, the Schenectady unit on the steam side must supply 
a large quantity of industrial steam as exhaust from the steam 
turbine. Water walls are employed in the mercury boiler to 
obtain added steam capacity and allow high heat release in the 
furnace. The Kearny unit exhausts into the existing station 
steam main, and is not independent in this sense. It is, there- 
fore, to be expected that the performance figures would be some- 
what higher for the cycles shown in this study. As shown on the 
cycle diagrams, it would seem advisable to produce as much “high 
level heat”’ as possible and therefore put all the heat into the mer- 
cury and use air for coolingthe boiler refractory walls, bringing the 
combustion air to a high temperature. This is, of course, at the 
expense of higher furnace maintenance and larger furnace 
volume. 

A cycle diagram for a mercury-steam binary cycle is shown in 
Fig. 4, wherein steam extraction has been carried to the economic 
limit. The type of feedwater cycle indicated is that using a 
deaerating heater, the steam for the steam jet pumps being taken 
from the saturated steam produced in the mercury boiler con- 
denser. Whereas it is readily possible to carry the initial mer- 
cury pressure higher than 200 Ib, the corresponding tempera- 
ture is 1020 F and is likely to remain a goal for some time. Also 
this affords direct comparison with other 1000-F cycles in this 
paper. 

While the author was at Schenectady inspecting the mercury 
vapor installation, the idea of extracting the mercury turbine 
for the purpose of superheating the steam generated in the 
boiler-condenser was discussed with Lucian Sheldon of the 
General Electric Co. A few cycles were computed utilizing this 
feature and the gain in efficiency is very real as shown by the 
curve on the summary sheet in Fig. 12. This will be economically 
advisable if the fixed charges on the necessary additional mer- 
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cury-steam superheater, valves, piping, insulation, etc., are in 
line with the thermal gains. To show the overall heat rates for 
mercury-steam binary-cycle plants, Fig. 5 has been cross-plotted 
from heat rates derived from the 85-lb (885 F), 130-Ib (946 F), 
and 200-lb (1020 F) cycles. The curves show that the gain due 
to steam extraction for feedwater heating is apparent, although 
the gain due to superheating the steam from 800 F to 1000 F is 
slight. 


Some other considerations affecting its desirability as a binary- 
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cycle fluid may be reviewed. The question of price and rate of 
production (8) is important. Spain, Italy, United States, 
Mexico, Czechoslovakia, China, and Austria are the leading 
producers of mercury in the order named, Spain and Italy to- 
gether producing over 60 per cent of the total. For a period of 
years the imports for the United States have exceeded exports. 
It is significant to note that a mercury rate of flow of 2,200,000 
lb per hr requires only 200,000 pounds or 91 metric tons of mer- 
cury actually in the system. If the average production rate of 
the United States is taken as 600 metric tons per year, 7 installa- 
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$1.70 per pound and has kept step with production. The market 
price has begun to rise again, and if an average figure of $1 
per pound betaken with 200,000 lb of mercury in a 50,000-kw plant, 
the fluid investment amounts to $200,000 or $4 per kw. This in- 
vestment must be set over against the economies attained in 
establishing a net operating advantage. 

It has been definitely established also that mercurialism (9), : 
or mercury poisoning, may result from constant exposure over a — 
period of two to three months to an atmosphere containing as © 

little as 0.02 milligram of mercury per cubic : 
foot of air. The results are by no means 
fatal and clear up upon a change of atmos- | 
phere. Assuming that atmospheric air weighs 


power cycles. The fluctuation since 1918 has been from $0.48 to 
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[oo t tion, and has developed a selenium detector 


General Electric Co. has welded practically 


which is sensitive to one part of mercury in 20 


HEATER 
Ls million parts of air. The presence of one 


part of mercury in 500,000 causes the yellow 
selenium to turn black immediately. A newer 
development announced by the General Elec- _ 
tric Laboratories, using resonance radiation, 
is sensitive to one part of mercury present in 
100 million parts of air by weight. The sensi- 


tivity of available detectors will, therefore, 
prevent poisoning. 


DIPHENYLOXIDE-STEAM BINARY CYCLES 


Diphenyloxide was definitely taken out of 
the laboratory class in 1922 when the Dow 
Chemical Co. developed a commercial method | 
of producing this fluid. Dr. Dow saw the pos- 
sibilities of using this fluid for heat-transfer 
work and possibly power cycles, and in 1925 
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instigated research on its properties. A paper — 
(10) was presented before the A.S.M.E. in 
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charts. It was subsequently discovered that 
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the specific heat of the liquid instead of being 
constant at 0.4 varied from 0.38 at 80 F to 0.69 : 
at 800 F, and a table of properties was issued — 


by the Dow Chemical Co. 
This was the extent of knowledge concern- 


ing this fluid when the author considered its — 
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possibilities for binary-cycle work. No data — 
was available on the entropies of liquid or 
vapor. Also from the shape of the tempera- | 
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copper ture-entropy diagram, it became apparent 


that any expansion in a turbine would end 


CHROMEL x considerably out in the superheated field. 
Some data was, therefore, necese~~y on the 
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tions of 50,000 kw each, or 350,000 kw, could be developed per 
year. If all the world production rate be taken as 3000 metric 
tons (a conservative average) and all devoted to power installa- 
tions, 33 installations of 50,000 kw each or 1,650,000 kw could be 
developed per year. The installed capacity of the United States 
has increased at an average rate of 1,190,000 kw per year in the 
period 1918 to 1928, so that the possibility of mercury-steam 
power becoming universal looks rather slim, unless higher yield 
ores or more effective extraction processes are discovered. The 
price of is also an affecting its use for 
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of liquid was rechecked by plotting specific 
heat versus temperature and integrating graphically. Similarly 
the entropies of the liquid above freezing point (80.6 F) were 
obtained by plotting cp/7 versus temperature and integrating 
graphically. Total entropies of saturated vapor were then ob- 
tainable. 
Regarding the specific heat of superheated vapor, the following — 
methods were considered: ; 
1 Throttling vapor through a gate valve and measuring 
pressure and temperature drops 
2 in the total and entropy from 
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reduced pressure and temperature 
data, the critica] pressure and tem- 


perature being fairly well defined 


Making Joule-Thomson and total- 
heat determinations in a modified 
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apparatus designed for P-T-H de- 


terminations. 


The latter proved to be the best for fur- 
nishing reliable data, and the apparatus was 


arranged as in Fig. 6. In operation, the 
fluid in the reservoir is fed through a geared 


LZ 


rotary pump to a deaerating column. In- 


sufficient heat was available at this point 
to vaporize the liquid and drive off the 


From 
Joule- Thompson and 


various gases and the superheater was, 
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therefore, equipped with vents. The liquid 
is fed by a high-pressure plunger pump 
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through a preheater coil wherein the liquid 


is brought to the boiling point. More heat 
is added in the superheater until the de- 
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pressure, the vapor being then throttled 
and condensed. A small detail of the throt- 
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tle head by which the velocity effect is minimized is shown in Fig. 
6. The duplicate thermocouples used were calibrated against boil- 
ing points of water, naphthalene, and sulphur. Control of volume 
and pressure is effected through various bleed and throttle 
valves. Cooling water and condensate were collected over 
identical periods of time when conditions of equilibrium had 
been established. All thermometers and gages were calibrated 
and a small radiation correction established and applied. 

A chart of pressure versus temperature was plotted and on this 
the vapor-pressure curve was drawn and the various pressure- 
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temperature observations with corresponding tota’ heat values 
were plotted. These data were then smoothed and formed the 
basic pressure-temperature-total heat chart. From this chart at 
constant pressure the change in heat value between two con- 
stant heat lines and the corresponding temperature change were 
read giving specific heat. A set of specific-heat curves thus 
obtained at various constant pressures is shown in Fig. 7. The 
values of specific heat of saturated vapor were obtained from 
the temperature-total heat chart assuming the specific heat of 
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saturated vapor to be constant for a short distance along the 
- saturated-vapor curve, the specific heat of the liquid and the 
latent heats being known. 

With the relation between specific heat and degrees of super- 
heat established, it is only a matter of integration to obtain the 
total heats and entropies of superheated vapor. This was done 
for that range desired for a Mollier diagram for power computa- 
tions and the resulting chart is shown in Fig. 8. Curve inter- 
polation has been applied to obtain intermediate values, and it is 
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author’s experience with decomposition of this fluid, indicates an 
upper safe limit for cycle operation of 800 F. At best this could 
only be brought up to 850 F, but the betterment of turbine per- 
formance due solely to a change of 50 F in the initial diphenyl- 
oxide-vapor temperature precludes any such study. 

A cycle diagram for a plant wherein the vapor temperatures of 
the diphenyloxide and steam have both been carried to what ap- 
pears at present to be a safe maximum is shown in Fig. 10. Steam 
extraction has also been carried to the economic limit. Since the 


PHENYLO XIDE 


6760 Kw 
319260 LB/HR 


6fOLB-520F 


BTU/ KWH TO TURBINE 8540 
BLR SB AIRHTR EFF 65% 
AUXILIARY POWER 4.33% 
BTU/KWH SENDOUT 10470 


730LB-1000F 
1520.26TU 


1182.6 BTU 


420F 


20400 LB/HR 


Fig. 10 DipHENYLOXIDE-STEAM Binary CYCLE 
(Diphenyloxide at 210 lb, 800 F, and 25 lb exhaust; steam at 730 lb, 1000 F, 1 in. Hg exhaust, and 4-point extraction.) 


interesting to note that the temperature and pressure lines have a 
familiar shape. 

Having a Mollier chart available, analyses of several power 
cycles can be considered. As in the case of mercury, the first 
question to answer is whether there is an optimum back pressure 
for the diphenyloxide turbine. Considering turbine performance 
alone, it would appear that best economy is obtained by going to 
absolute pressures higher than 50 lb abs. However, the steam 
throttle pressure is rising rapidly, increasing the boiler-feed-pump 
work. Also the curves in Fig. 9 show that the amount of di- 
phenyloxide which must be circulated increases with back pres- 
sure while turbine output decreases. Considering auxiliary 
power, the shape of the curves are as shown in Fig. 9, and it is 
evident that 25 lb abs is approximately the best exhaust pres- 
sure. It should be mentioned that a boiler-condenser terminal 
difference of 30 F has been assumed since the temperatures in- 
volved are practically the same as for a mercury-steam boiler- 
condenser. 

It so happens that a back pressure of 20 lb abs corresponds to as 
high a steam throttle pressure as can be carried without obtain- 
ing excessive moisture in the exhaust with an initial tempera- 
ture of 800 F. To use 25 lb back pressure (730 pounds steam 
pressure), one stage of steam reheat must be used. However, at 
1000 F initial steam temperature, there is no reason for not using 
25-lb exhaust pressure on the diphenyloxide turbine. When the 
maximum operating temperature of the diphenyloxide is con- 
sidered, it is, first, to be noted that the critical temperature is 
950 F. Further, considerable research (11) including the 


Diphenyloxide 750 F -146/b-20/b Exh. 
Steait 610 /b-800F ~ 1g Exh, 


lox ide 800 F-210 1b ~201/b Exh 
/ Stearn 610 -800 F - Exh 


Pighen vloxiale 750F - Ib-25/b Exh. 
Steani 730/b-800F Initial Reheat] 
at90/b to 800 F-/ “Hg Exh. 


+ 


Ou 


Btu per 


Diphenyloxide 800F 210 /p-25 /b Exh. 
Steam 730 /b-/000 F -/ £xh. — 


Number of Steam-Turbine Extraction Points 


PLANT PERFORMANCE FOR DIPHENYLOXIDE-STEAM 
Binary CYCLE 


Fie. 11 


is 
@ 

 - 1400 

a4 


ae FUELS AND STEAM POWER -FSP-56-11 763 


rate of flow of vapor is large, a double-flow 
turbine is suggested, and for simplicity of | |13800 7 
piping and connections, a vertical heat ex- : 
changer. The bent-tube type of boiler is a a pr comes 
proposed by the Dow Chemical Co., and the 13400 q SHOWING PLANT PERFORMANCE 7 
author suggests air-cooled refractory walls, FOR STEAM CYCLES 
a sluicing-type bottom, and an air heater. 7 
This is very much like the Stirling boiler 13000 “5 N 
arrangement commonly used, and an overall WN N\ SN 
efficiency of furnace, steam superheater 12800 we 
(radiant type), and air heater, of 85 percent 
is confidently expected. The plant per- IN 
formance for various cycles plotted against 400 NS — 
points of steam extraction are shown in | | 
Diphenyloxide in the pure state is color- | 12000 < a 
less. It has a characteristic aromatic odor, re we Ne >— 400 L8 - 1000F 
and while not unpleasant is sufficiently 200 LB - scor 
strong to call attention to leaks in a sys- 116 “4 SS 
tem. It is non-toxic, and, according to the KASS 
Dow Chemical Co. and Professor W. L. + 
| 1200LB- 600F RHTAT 20018 po e009 
Badger, of the University of Michigan, who TAL N 750F 
somewhat low under gravit$ circulation in 10800 | "| 
a boiler, and a circulating pump must, 
therefore, be used. The freezing point of |_10600 | fi igoor STEAM | 
pure diphenyloxide is 80.6 F, but consider- | | > | 
ing the temperatures throughout a typical 
binary cycle using the fluid, this is not a B-WOOF= RET eo 
handicap, especially since boiler- and tur- | 
bine-room temperatures will ordinarily run 
80 to 100 F and liquid would be returned 
from the boiler condenser at 550 F. Upon 
expansion through a turbine, the exhaust 
vapor is considerably superheated, and the | 9400 
heat of superheat as well as latent heat must =o 
be removed in the heat interchanger so 
a large surface is probably necessary to effect = | en) 
diphenyloxide is obtained from coal tar, a 
by-product of the steel industry, there is an | | 
ample supply available. Regarding price, it } 8400 > | 
has in the space of relatively few years be- | NUMBER OF POINTS STEAM EXTRACTION | 
come a commercial product at prices first = | 
up to $1 per pound but now obtainable in —! 
large quantities at $0.18 per pound, and, if Fic. 12 Summary or PLanT PERFORMANCE FOR STZAM AND BINARY CYCLES 
the demand is large enough, Professor ” 
Badger estimates that $0.10 per pound is entirely possible. At 70 per cent; hours annual operation (base load station), 8000; a 
1,600,000 pounds per hour, a system would be charged initially heating value of coal, 13,000 Btu per lb. _ 
with 200,000 pounds. At $0.10 per pound, the investment cost In short, if the higher pressure is to be justified economi- = - 
would be $20,000 or $0.40 per kw, which is 1 2500:LB AND 3226-LB CYCLES VS. 400-LB CYCLE 
(4-point steam extraction) 
2500-lb 3226-lb 
Discussion OF THE VARIOUS CYCLES 800 F 800 F 
Consider, first, the various steam cycles shown in Fig. 12. Heat rate, 400 lb 800 F plant....................... 12,4606 12,480 
The improvement in thermal efficiency as pressure is increased rate 2'020 
is apparent and it can be seen from the shape of the curves that Fon fared Her (tons): 19100 21,680 
four to six extraction heaters represent the economic limit, the at (dollars) . 305,600 346,800 
exact number depending upon fuel cost and fixed charges. The  Gapitalized saving per kw at $4 par 2 


literature has demonstrated the justification of each pressure ; 
including the 1200-Ib reheat cycle. Regarding the higher- 
pressure plants for the 2500-Ib and 3200-Ib cycles, if the following cally when compared to a 400 Ib-800 F plant, the added capital 
operating conditions be assumed, we can make an economic investment required must not exceed the figures shown in 
analysis: Station capacity, 50,000 kw; station average load factor, Table 1. 
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It has been stated recently that a Benson generator would not 
cost any more than an ordinary type of boiler and, being an 
outside boiler, the boiler housing structure would be eliminated. 
The relative cost of the high-pressure steam and feed piping, high- 
pressure turbine and boiler-feed pump will, of course, determine 
the other added capital costs. 


ALUMINUM-BROMIDE BINARY CYCLE 


The few known physical properties of aluminum bromide 
(Al,Bre) taken from Mellor and an article by H. Barjot in Le 
Génie Civil (12) are given in Table 2. 


TABLE 2 PHYSICAL PROPERTIES OF ALUMINUM 
BROMIDE 


Melting point 90 C (194 F) 
Boiling point (Atm press)..... 
Critical temp.... 
Specific heat solid 
Vapor density at 440 C (842 F) 
Vapor-Pressure Data 
500 C (171 lb abs-932F) 
290 C (17.1 lb abs-554 F) 
21 kg cal (83.0 Btu) 


12 kg/cm? 
1.2 kg/cm?....... 
Heat of vaporization at atm press..... 


The only data on specific heat are those for the solid state. 
For a cycle analysis it was assumed that this value would be 
constant at 0.1 Btu/Ib/deg F in the liquid state. The principal 
binary-cycle data for aluminum bromide are given in Table 3. 


TABLE 3 DATA ON BINARY 


4 


Vapor pressure at aluminum-bromide turbine throttle (lb abs) 
Temperature of vapor to throttle (deg 

Pressure at exhaust (lb abs) 

Temperature at exhaust (deg F) 

Temperature of steam from boiler condenser (deg F) 
Pressure of steam at boiler condenser (1 


Load on steam turbine (kw)... 
Btu per kwhr to turbine 
Btu per kwhr plant sendout 


When compared with other cycles shown in Fig. 12, the overall 
heat rate is promising. However, aluminum bromide combines 
chemically with water and forms hydro-bromic acid. The 
latter corrodes most metals used in power generation practise and 
is dangerous to life, making it advisable to consider other fluids 
first. 


Z1INc-AMMONIUM-CHLORIDE BINARY CYCLE 


Dr. Koeneman’s figures for this absorption-type cycle are 
given in Table 4. It consists of an upper cycle in which a zinc- 
ammonium-chloride solution is heated and one ammonia molecule 
is vaporized off the solution at an elevated temperature and ex- 
panded through a turbine. The ammonia-depleted solution is 
led from the boiler back through a heat exchanger to an absorber. 
Here it meets the ammonia exhausted from the turbine and union 
takes place with release of heat. Water is pumped through the 


TABLE 4 DATA ON BINARY 


Ammonia vapor pressure at turbine (lb abs) 

Ammonia vapor temperature (F) 

Pressure in exhaust absorber (lb abs) 

Temperature of ammonia vapor in exhaust (F) 

Turbine efficiency ratio (per cent) 

Saturation temperature at concentration existing in absorber (F) 

Vapor temperature of steam from absorber (F) 

Vapor pressure of steam from absorber (lb abs) 

Pressure at turbine throttle (Ib abs) 

Temperature to throttle after superheating (F) 

Pressure in condenser (lb abs 

Turbine efficiency ratio (per cent) 

Feedwater heating, 3 stages, final temperature (F) 

Cycle efficiency, including auxiliary power for all purposes in both 
cles but not including boiler (per cent) 

Boiler efficiency, assumed (per cent) 

Net cycle efficiency (= 35.4 per cent) btu/kwhr 


absorber in tubes and vaporized. The vapor is then superheated 
and expanded through a second turbine, exhausted to a water 
cooled condenser, and then pumped back to the absorber. 

This cycle carries with it the decomposition of ammonia at 
high temperatures and probability of metal corrosion. 


MeERcuRY-STEAM Binary CYcLE 


This is one of the most promising cycles as seen from the loca- 
tion of the curves in Fig. 12. An economic comparison of a 
mercury-steam cycle with a 600-lb steam plant, since the steam 
turbine operates at 500 lb in the binary cycle, shows distinct 
advantages as shown in Table 5. 


TABLE 5 800 F, 46 LB MERCURY—800 F, 500 LB STEAM 
CYCLE VS. 800 F, 600 LB STEAM CYCLE 


ton (dollars) 
Capitalized value of saving at 12.5 per cent (dollars) 
Saving per kw (dollars) 


381,000 
7.62 


The mercury cycle involves, in the case of a 50,000-kw plant, 
an investment of $4 per kw in mercury thereby leaving a net 
saving of $3.62 per kw or $181,000 per year for $2 coal. A 
similar comparison shows that the mercury cycle does not en- 
tirely outclass a critical-pressure sttam plant when initial tem- 
perature is limited to 800 F. This binary cycle becomes more 
advantageous as the price of fuel increases. 
= 


DIPHENYLOXIDE-STEAM Binary Cycles 


As shown in Fig. 12, from a thermal standpoint, the cycle is 
on a par with the highest pressure steam cycles. The cycle 
wherein 800 F initial vapor temperature is suggested is a maxi- 
mum because of decomposition over a period of time. There is 
also the problem of condensation of considerable superheat in 
the diphenyloxide-turbine exhaust. Abnormally large condens- 
ing surface may be necessary and, while the high molecular den- 
sity gives a high mass velocity, experimental determinations of 
overall heat-transfer coefficients are necessary. 

An economic analysis comparing a diphenyloxide-steam binary 
cycle with a mercury-steam cycle shows that, when mercury and 
diphenyloxide-vapor temperatures are limited to 800 F and the 
steam is superheated to 1000 F, there is practically an economic 
balance with $2 per ton coal. With higher temperature and 
higher fuel costs the advantage is wholly with the mercury-steam 
cycle. Also when metals become available for still higher 
temperature work, the mercury-steam cycle appears at present 
to be the only one which can take advantage of such an increase. 


CoNCLUSION 


1 High-pressure-steam plants show a decided thermal ad- 
vantage even when auxiliary power is considered, and there is 
considerable margin available for increased capital costs. Analy- 
sis indicates that higher pressures are economically justifiable 
and that the steam cycle has not yet reached its limit. 

2 When metals become available at a reasonable cost which 
will withstand 1000 F continuously, the mercury-steam binary 
cycle will show considerable overall economic advantages in its 
favor, and at higher temperatures it is the only feasible cycle. 

3 Due to the small annual rate of production of mercury, both 
in this country and abroad, and its average market price, there is 
slight possibility that the mercury-steam cycle will become 
universal. 

4 There is a best back pressure for the “top” fluid turbine for 
binary-cycle operation independent of turbine-efficiency ratios 
and number of bleed points on the steam turbine for feedwater 
heating, and dependent only upon the characteristics of such 
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“top” fluid. In the case of mercury this occurs at 4 in. Hg abs, 
while in the case of diphenyloxide it occurs at 25 lb abs. 

5 No thermal advantage is obtained by bleeding the mercury 
or diphenyloxide turbines in a binary cycle for the purpose of 
preheating the boiler-feed liquid. 

6 When thermal advantages and capital costs, with par- 
ticular reference to fluid costs, are considered in binary cycles, 
there is little choice between mercury-steam, diphenyloxide- 
steam, and high-pressure-steam cycles assuming low fuel cost 
and 800 F initial temperature. 
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Influence of Bends or Obstructions at the Fan -_ 
_ Discharge Outlet on the Performance of 


~ 


= = 
By L. S. MARKS,' J. H. RAUB,? ano H. R. PRATT? 


The form and dimensions of the inlet ducts and inlet 
boxes of a centrifugal fan have been shown to have a pro- 
found effect upon the fan performance. The object of the 
investigations, described in this paper, was to determine 
whether bends or obstructions close to the discharge end 
of the fan have any similar influence. No such influence 
was found. The conclusion reached is that with a com- 
plete fan housing of good design, a bend or obstruction 
connected directly to the fan discharge will have no ap- 
preciable effect on the fan performance and will result in 
the same losses that would occur if the bend or obstruction 
were located at a considerable distance from the fan. 


WO previous papers‘ by one of the authors (with others) 

presented results of investigations conducted to deter- 

mine the influence of inlet boxes and inlet ducts on the 
performance of a centrifugal fan. It was shown that the ca- 
pacity of the fan was gicatly affected by the form and dimensions 
of the inlet structures. For constant rpm and with unrestricted 
discharge a poor inlet box reduced the capacity by as much as 
60 per cent and a poor arrangement of bends in the inlet duct 
was found to reduce the capacity 40 per cent. The maximum 
efficiency of the fan, however, was affected only slightly by the 
form of the inlet box but in greater degree by poorly arranged 
inlet ducts. It was further shown that the capacity and ef- 
ficiency of the fan could be restored largely by the use of ap- 
propriate guide vanes in the bends in the inlet ducts. 

It has been thought by many engineers that the performance 
of a centrifugal fan would be found to be similarly influenced by 
the form and dimensions of the discharge duct immediately 
adjacent to the discharge outlet of the fan housing and it was de- 
cided to investigate this matter. It would seem from a priori 
reasoning that any such influence would be slight. The struc- 
tures on the inlet side of the fan determine the velocity distribu- 
tion of the air at the fan inlet and consequently influence the fan 
operation. On the discharge side, the fan has already completed 
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its work and the effect of bends or obstructions at the fan dis- 
charge presumably would be (1) to influence the conversion of 
velocity head to static pressure and (2) to increase the resistance 
against which the fan discharges in a way precisely similar to 
that offered by a more distant obstruction. The velocity dis- 
tribution of the air as it discharges from a fan is less uniform than 
it becomes after traversing a length of straight duct and, as the 
resistance offered by a bend or obstruction is proportional to the 
square of the velocity, the total resistance will be somewhat 
greater when the obstruction is located at the fan discharge. 
This difference, however, should be negligible. Apart from this, 
it would seem that the only effect of an obstruction on the dis- 
charge side would be its influence on the pressures and velocities 
of the approaching air. ; 

Theoretical considerations show that the character of a fluid 
stream is affected by any obstruction which it approaches and 
that the influence of the obstruction extends upstream for an 
indefinitely great distance. The magnitude of this influence 
diminishes very rapidly as the distance from the obstruction in- 
creases and quickly becomes negligible. The disturbance is cal- 
culable for the simple condition of streamline flow of an ideal 
fluid of infinite cross-section. For this condition, with a spherical 
obstruction, the velocity of the approaching stream at a point 
two diameters upstream from the center of the sphere is dimin- 
ished by one per cent. With a cylindrical obstruction of infinite 
length with its axis normal to the stream, the velocity along the 
line two diameters upstream from the axis of the cylinder is 
diminished six per cent. With a flat plate of infinite length and 
for flow normal to the plate, the velocity at a distance of one and 
one-half times the width of the plate upstream from the center line 
of plate is diminished five per cent. 

The magnitude of this disturbance is a maximum along the flow 
line approaching the center of a symmetrical obstruction and 
diminishes rapidly as the distance from the central-flow line in- 
creases. 

For non-ideal fluids (having viscosity and compressibility) 
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and ‘with ,turbulent flow no adequate theory is available, but it 
would appear probable that the disturbance resulting from the 
presence of an obstruction would extend a shorter distance up- 
stream than with the streamline flow of an ideal fluid. 

In the case of the discharge from the fan, there is turbulent 
flow and a limited cross-section of the steam. The obstruction 
(elbow, tee, etc.) will usually occupy the whole cross-section as 
seen downstream and such obstructions increase the total resis- 
tance against which the fan is operating but do not necessarily 
affect the performance of the fan proper. 


Test ARRANGEMENTS 


The investigations were carried out at the Gordon McKay 
Laboratory of the Harvard Engineering School on the 38-in., 
double-inlet, radial-tip fan which had been used previously for 
the inlet investigations. The fan housing includes a short ex- 
panding portion on the discharge side. As the discharge condi- 
tions were to be varied, it was decided to measure air volumes 
on the inlet side. This is a departure from the methods of the 
A.S.H.&V.E. Standard Test Code but it is believed that the 
method actually employed permits an accuracy of measurement 
greater than is possible with the code. The inlet arrangements are 
shown in Fig. 1. The air enters through a well-rounded nozzle into 
a large circular duct. This is transformed into a rectangular duct 
which splits into two ducts connecting with the two inlet boxes. 
All changes in shape and dimension of the ducts, or of direction 
of the air currents, are gradual and guide vanes are located in the 
curved sections. The air enters the inlet boxes with flow lines 
which, it is believed, approximate closely to those obtained 
with the more usual inlet arrangements. The operating condi- 
tions were controlled by a grid a (Fig. 1) made up of 36 vertical 
wooden slats 11/1. in. wide and 38 in. high. The fan capacity was 
controlled by varying the number of slats in position. They 
were always spaced in such manner as to distribute the flow uni- 
formly over the cross-section of the duct. 

The volume of air flowing was calculated from the static pres- 
sure at the middle of the parallel portion of the nozzle. This 
pressure was checked many times against the static pressure 
measured in the duct at b (Fig. 1), and in no case was any differ- 


ARRANGEMENT FOR TESTS ON 38-IN. STURTEVANT FAN 


ence discernible. Similarly an impact tube located in the center 
line of the nozzle a few inches downstream from the nozzle and 
facing upstream always gave a reading of exactly atmospheric 
pressure. The nozzle coefficient was determined by traverse 
with a small impact tube, following the method of the Bureau of 
Standards (Research Paper No. 49), and a coefficient of 0.995 
was obtained. It is believed that the air measurements are 
accurate within one per cent. 

The nozzle air measurements were compared with those ob- 
tained by pitot-tube traverses in the discharge duct following the 
Standard Test Code procedure. The fan housing and all joints 
in the ducts were gone over with great care to prevent leakage 
which in this case would be into the system. The only unavoid- 
able leakages were at the places where the fan shaft passes through 
the inlet boxes and, at these places, felt washers pressing lightly 
against the shaft were provided. The leakage must have been 
negligible. Comparative tests gave the pitot-tube volume 
measurements not exceeding two per cent and averaging less than 
one per cent greater than the nozzle measurement for fan capaci- 
ties between 30 and 100 per cent. As the pitot tube tends to 
read high under all circumstances, this difference may be re- 
garded as verification of the nozzle measurements. 

The fan is shown in Fig. 2 and the housing in Fig. 3. In these 
tests the discharge bends, ducts, and all other obstructions were 
connected directly to the discharge outlet of the housing without 
any intermediate run of straight duct. On their discharge sides 
these structures were connected to straight runs of duct of length 
sufficient to permit the completion of regain of pressure and then 
discharged directly into the atmosphere. The straight runs of 
duct were about three diameters in length and their friction resis- 
tances have been neglected in calculating efficiencies so that these 
efficiencies are slightly low. In making comparisons with the 
condition of unobstructed discharge, the standard for compari- 
son had a straight discharge duct about three diameters in length 
and for this case also the friction resistance of the discharge duct 
was neglected. 

The static pressure against which a fan operates is the differ- 
ence between the static pressure at the discharge and the total 
pressure at the inlet. The inlet in this case is at the entrance 
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to the inlet boxes. Traverses were made at this location with 
pitot tubes, following the procedure of the Standard Test Code. 
The total pressure was not constant across the sections, al- 
though the variation was slight. After investigating the total 
pressure distribution for various fan capacities, it was found 
that the average total pressure occurred always at certain loca- 
tions in the cross-section and in subsequent tests the pitot tubes 
were set in these locations for determining the total pressure at 

_ the inlet to the fan. 
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of the fan. Any change in fan performance resulting from the 
presence of these bends or obstructions may result from (a) 
the resistance to flow offered by the bend or obstruction and/or 
(b) the influence which the bend or obstruction exercises on the 
fan performance. When there is no perceptible change in fan 
performance as determined in this manner, both of these factors 
must be negligible. 

The total resistance against which the fan operates is the sum 
of the static resistance and the velocity head. The velocity head 
was calculated from the mean velocity at the end of the dis- 
charge duct. This velocity is equal to the volume flowing per 
unit time, as determined by the inlet-nozzle measurement, 
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On the discharge side a traverse of the cross-section near the 
discharge outlet of the fan housing shows considerable variation in 
static pressure—too great to permit the use of any observation 
in that location for determining the fan resistance. The static 
pressure at the final discharge of the air was always atmospheric 
pressure and this was taken as the static pressure against which 
the fan discharged. By this procedure the bends or other ob- 
structions on the discharge side of the fan were included as part 
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divided by the terminal cross-sectional area of the discharge duct. 


Tue ARRANGEMENTS 


Two commonly occurring arrangements of the discharge were 
selected for investigation; 90-deg bend and tee discharge ducts. 
The details of these structures are shown in Figs. 4 and 5, respec- 
tively. As the discharge outlet in the fan housing was square, 
it was possible to test with the 90-deg bend in two different 
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orientations, discharging vertically upward and discharging 
laterally. Discharging vertically upward, the air passes through 
the bend with the same direction of rotation that it had when 
passing through the fan, while discharging laterally the direc- 
tion of rotation is changed to a plane at 90 deg to that in the fan. 
The tee discharge duct (Fig. 5) consists of a short duct 14 in. 
long, 36 in. square containing three butterfly dampers and 
connecting with a larger duct, 44 in. square, with a sudden en- 
largement. The dampers were always operated wide open and 
can be oriented either with horizontal or vertical axes. The 
large duct can be blocked at one end so that the air may be dis- 
charged at either one or at both outlets. 
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To diminish the resistance of these structures, they were later 
provided with guide vanes which are indicated by dotted lines 
in Figs.4and 5. For the 90-deg bend, two guide vanes were used, 
concentric with the bend and dividing it into three channels of 
equal depth. For the tee duct an attempt was made to divide 
the approaching air into ten streams of equal horizontal width. 
No attempt was made, however, to control the sudden enlarge- 
ment of each stream. 


Resvutts or Tests WiTH A 90-DreG BEND 


The performance curves shown in Fig. 6 are for three condi- 
tions: (1) With a straight discharge duct 9 ft 5 in. long; (2) 
with the 90-deg bend oriented horizontally and terminating in a 
straight run of duct 9 ft 5 in. long; and (3) with the 90 deg bend 
oriented as in (2), but fitted with two guide vanes, and terminat- 
ing in the same straight run of duct. For conditions (1) and (3) 
the curves are so close together that they may be considered 
identical; for condition (2) the total pressures and total ef- 
ficiencies at any capacity are less than for conditions (1) and (3), 
but the power requirements are the same in all cases. 

Performance curves drawn for the same conditions as in Fig. 6 
but with the 90-deg bend discharging vertically upward are identi- 
cal with those of Fig. 6. If the velocity of the air leaving the fan 
housing is uniform across the discharge section, there would be no 
reason to expect that the orientation of the 90-deg bend would 
have any effect on the performance of the combination of fan and 


orifice of the fan housing and in the median line is given in Fig. 7. 
This curve shows that the velocity is practically uniform over the 
whole cross-section thereby explaining why the orientation of the 
90-deg bend has no influence on the performance of the combina- 
tion of fan and bend. 

The identity of the test results for (1) a straight discharge 
duct and (2) a 90-deg bend provided with guide vanes indicates 
(a) that the resistance of the 90-deg bend is negligible and (b) 
that its presence does not affect perceptibly the action of the fan. 
The difference between the performance curves with and without 
the guide vanes must be uscribed entirely to the losses in the 
vaneless bend. This same loss would have occurred if the bend 
had been placed in a more remote location in the discharge duct. 
The performance of the fan itself is uninfluenced by connecting a 
90-deg bend directly to the fan discharge. 


Resutts or Tests With Tee DiscuarGce Ducts 


The variables in the operating conditions for these tests were: 
(1) The orientation of the dampers, either with vertical or with 
horizontal axes, (2) discharge through both branches of the 
tee or through only one branch, and (3) the use of guide vanes as 
shown by dotted line in Fig. 5. 
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The results obtained are as follows: 

The investigation of the influence of the orientation of the 
dampers yielded entirely negative results. The performance 
of the fan was not observably affected. This result is interpreted 
as indicating that the flow through the dampers is substantially 
parallel to the axis of the duct. 

Discharge through both branches of the tee duct is found to 
give better performance than through one branch only. This is 
quite marked when static pressures and static efficiencies alone 
are considered as shown in Fig. 8. It is less marked, however, for 
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total pressures and total efficiencies (Fig. 9) because of the 

doubled terminal velocity, for a given capacity, when discharging 
through one branch only. 

_ The use of guide vanes has no appreciable influence either for 

single or for double discharge. 

The static pressures and efficiencies with two-way discharge 
are found to coincide with the values for a short straight duct, 
but this result must be fortuitous since the terminal discharge 
areas are entirely different in the two cases. 
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The total pressures and efficiencies are considerably less than 
for a straight-discharge duct. With the tee duct there is a 
sudden enlargement from a cross-section of 9 sq ft to one of 26.8 
sq ft and, at 40,000 cfm, the mean velocity changes suddenly 
from 74 to 25 ft per sec. The corresponding velocity heads are 
1.23 and 0.14 in. of water, or a drop in velocity head of 1.09 in. 
The tests show that the loss in total pressure resulting from the 
use of the tee duct is approximately this amount whether guide 
vanes are used or not. The presence of guide vanes does not 
affect the magnitude of the sudden enlargement but might be ex- 
pected to guide the air so as to result in eenenees regain. This 
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(Based on total pressure.) 


result, if it actually occurred, was not of sufficient magnitude to 
be perceptible. 

Additional tests were made to determine the resistance of the 
tee duct by connecting it to the end of a 60-ft run of straight 
duct. At a capacity of 40,000 cfm its resistance was in good 
agreement with the difference between the total pressures for the 
straight duct and the tee as shown in Fig. 9. It would appear 
then that the only effect of the tee duct is to increase the resis- 
tance on the discharge side and that it has no influence on the fan 
performance. 

ConcLusions 


It may be concluded from this investigation that the opera- 
tion of the fan tested was not affected to any appreciable extent 
by sudden enlargement or change of direction of the air stream 
as it left the fan housing. It is the opinion of the authors that 
the conclusions stated may be applied quite generally whenever 
the fan housing is sufficiently complete to give the discharged air a 
general direction of flow and a uniform distribution at the outlet. 
Any extension of the conclusion, however, to other types of 
fan and other arrangements of housing must be based largely on 
opinion. 
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This paper points out the need for a standard method 
of determining the relative grinding characteristics of 
various coals. Several methods have been advanced and 
the authors herein are proposing another which they 
believe simpler to operate, duplicate, and control. A 
simplified roll test, designated as the C.I.T. roll test, is 
introduced, which is based on the principle of increase of 
new surface measured in accordance with Rittinger’s 
theory of crushing. 

Twenty-nine representative bituminous-coal samples 
were tested and their relative grindabilities determined 
by this method. Many of these values have been corre- 
lated with those obtained by the Fuels Research Labo- 
ratory (Canada) Method, the Hardgrove Method, and the 
Cross Method. An important phase of this paper is the 
discussion of particle-size determination by the sedimen- 
tation-velocity method. Particle-size distribution of 
minus-300-mesh coal has been studied experimentally 
and a more rational value for this size is proposed than has 
been done heretofore. 


tion has made necessary the development of some standard 
test for the determination of the relative grinding char- 
acteristics of various coals. Coal pulverizers will have varying 
capacities with different coals and it is necessary that some 
standard test be established in order that a coal grindability may 
be determined and from this, the pulverizer capacity estimated. 
It is necessary that some coal be established as a standard and all 
grindabilities of various coals be relative to this. 
A test for relative grindability must meet certain requirements, 
most important of which are: 


4 k= EXTENSIVE use of pulverized coal in steam genera- 


1 Simplicity of construction and operation so that the 
apparatus may be obtained in a standard form at small 
expense 


1 Associate Professor of Mining Engineering, Carnegie Institute 
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University in mining engineering, and following graduation, was 
employed in the engineering departments of the Consolidation Coal 
Company, The Rochester & Pittsburgh Coal Company, and the 
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2? Mining Engineer, National Mining Company, a subsidiary of 
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Relative Grindability of Coal 


By HAROLD J. SLOMAN! ann ARTHUR C. BARNHART,? PITTSBURGH, PA. 


2 The results of the test must be duplicable in the same 
laboratory and in different laboratories if the test is to 
be standardized for widespread use 

3 The relative grindabilities obtained with the test should 

be definitely related to actual capacities obtained with 
commercial pulverizers. 


GRINDABILITY DETERMINATION 


A review of literature on the subject of grinding showed that 
considerable work has been done on this problem. The work 
embodied in this report has been correlated with three proposed 
methods of grindability determination and a brief description of 
each will follow. 

The Cross Method.* An air-dried coal sample is carefully 
crushed so that practically all passes a 10-mesh screen and a screen 
analysis is made on a sample of this, using A.S.T.M. screens nos. 
10-, 20-, 40-, 60-, 100-, and 200-mesh. A 200-gram sample of the 
crushed coal is ground in an Abbé-type jar mill for 400 revolutions 
at a speed of between 70 and 80 rpm with a charge of 89 three- 
quarter-inch steel balls. The coal after grinding is again screened 
through the same series of A.S.T.M. screens as used for sizing 
the initial product. 

The surfaces for the initial and final products are then com- 
puted, using certain surface factors, and the grinding index is 
obtained by subtracting the surface of the initial product from 
that of the final product. 

The Hardgrove Method. This method consists of grinding a 
50-gram sample of coal, sized between 16- and 30-mesh in a ball 
mill consisting of eight one-inch steel balls rolling on a stationary 
ring and driven by a rotating plate for 60 revolutions at a speed 
of 21 rpm. A screen analysis is made using sieves of 16-, 30-, 60-, 
100-, 140-, 200-, 230-, and 300-mesh and new-surface units com- 
puted by a method based on Rittinger’s theory that surface area 
is proportional to the reciprocal of diameter. The coals are rated 
on a relative basis with the new-surface units of an Upper Kit- 
tanning Coal from Somerset County, Pennsylvania, considered 
as 100 grindability. 

The F.R.L. Method.’ A six-pound sample of minus-10-mesh 
coal is prepared by stage crushing and screening and is air dried 
to constant weight. Five hundred grams of this are placed in an 
Abbé pebble-mill jar of one-gallon capacity, together with a 
charge of 3000 grams of flint pebbles ranging in size from '/; 
to lin. The jar with its charge is rotated for 1000 revolutions 
at a speed of 70 rpm, after which the coal is screened over a 100- 
mesh sieve and the minus-100-mesh product discarded. The plus- 
100-mesh coal is weighed and enough new air-dried coal is added 
to this to make up a second charge of 500 grams. This charge 
is placed in the mill, rotated for 1000 revolutions, screened again 
through 100 mesh, and a third charge of 500 grams returned to 
the mill for a final grinding. After the third operation, the plus- 
100-mesh material is weighed and the difference between this 
weight and 500 grams is recorded as a relative measure of the 
grindability of the coal. 


3 “Grinding Characteristics of Coal,’’ by B. J. Cross, Bul. A.S.T.M. 
Committee D-5, Subcommittee 7, pp. 4 and 5. 

4 “Grindability of Coal,” by R. M. Hardgrove, A.S.M.E. Trans., 
vol. 54, 1932, paper FSP-54-5. 

5 “*A Method for Rating the Grindability or Pulverizability of Coal 
Developed by the Fuel Research Laboratories (F.R.L.), Dept. of 
Mines, Canada,” by C. E. Baltzer and H. P. Hudson, Bulletin No. 
737-1, Canada Department of Mines, pp. 3—5. - 
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COLLECTION AND PREPARATION OF SAMPLES 


Samples of coal were obtained from mines in representative 


bituminous coal seams of Central and Western Pennsylvania 


and are listed in Table 1. In their collection approved sampling 
practise was followed and the sizes of coal selected were those 
particularly adapted for pulverizer use except, where no sizing 


_ was done below 1 in., standard run-of-mine samples were taken. 


TABLE 1 SAMPLE 


Coal seam 
Upper Kittanning 
Lower Kittanning 
Lower Kittanning 
Pittsburgh 


Pittsburgh 

Lower Freeport 
Upper Freeport 
Lower Kittanning 
Lower Freeport 
Pittsburgh 
Pittsburgh 

Upper Freeport 
Lower Kittanning 
Pittsburgh 


Pittsburgh 


Sample 
A 


County 
Somerset, Pa. 
Somerset, Pa. 
Somerset, Pa. 
Washington, Pa. 


How sampled 


From chute at io le 
From cleaning tables 
Sent by compan 
From chute at clean- 
ing plant 
From railroad cars 
From loading chute 
From mine cars 
From loading boom 
loading 
y company sampler 
From loading boom 
At loadin 
From loading chute 
C.1.T. Coal Research 
Laboratory 
Sent by company 


awe 


Westmoreland, Pa. 
Jefferson, Pa. 
Indiana, Pa. 
Armstrong, Pa. 
Armstrong, Pa. 
Greene, Pa. 
Allegheny, Pa. 
Allegheny, Pa. 
mbria, Pa. 
Fayette, Pa. 


Harrison, W. Va. 


* Run-of-mine sample. 


At the request of the writers, R. M. Hardgrove furnished a 
sample of his standard 100-grindability coal and R. E. Gilmore, 
superintendent, Fuels Research Laboratory, Department of 


_ Mines, Canada, sent 15 standard samples of British Columbia 
coals for correlation purposes. 


The run-of-mine samples were prepared as follows: 


a 


The preparation routine for all field samples was as follows: 


1 Original 150-pound sample ('/; in. or finer) reduced by 
riffing to 12-pound sample 

2 12-pound sample screened on 14-mesh screen and all 
minus 14-mesh material caught in pans 

3 Plus 14-mesh material passed through crushing rolls set 
skin to skin 

4 Screening and crushing alternately repeated until all 12 
pounds passed 14-mesh screen 

5 Test samples of minus 14-mesh plus 20-mesh and minus 
20-mesh plus 30-mesh screened out. Samples mixed 
well and allowed to air dry 

6 Minus 20-mesh plus 30-mesh-component reduced in 
small riffer to approximately 100-gram sample and this 
retained for tests. =. 


1 A 500-pound sample coned and quartered to approxi- 
mately 125 pounds 
2 Large lumps broken by hammer on bucking board 
3 Sample screened on '/;-in. screen and minus '/;-in. ma- 
terial removed 
Plus +/:-in. material passed through rolls set at about 
3/s in. 
Sample mixed and reduced by riffling to 12-pound sample 
Preparation continued as with '/,-in. or finer samples. 


At first three sized samples were tested for this work, namely, 
minus 14-mesh plus 20-mesh, minus 20-mesh plus 30-mesh, and 
minus 30-mesh plus 60-mesh. The actual size is relatively un- 
important as long as it is within close limits and the minus 20- 
mesh plus 30-mesh was finally selected. The writers believe 
that a sized sample for testing is considerably more desirable 
than an unsized one. In taking a sample at the mine and in 


7 reducing it to the desired size in the laboratory, it is a practical 


impossibility to prevent the loss of much of the minus 100-mesh 
material. Hence, if the sample finally tested is one ranging say, 
from minus 10-mesh to zero in grain size, it will not be representa- 
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tive of the true conditions, but will be deficient in the finer sizes. 
This objection is especially pertinent where any method of 
calculating new surface produced is used. 

There has been some objection to the use of the sized sample 
for grindability testing on the grounds that it contains an ac- 
cumulation of the more resistant components of the coal, but 
it is our belief that, if the sample is alternately screened and 
crushed, the final sized sample will be as nearly representative 
as that produced by any other means. Coal “in place” is quite 
often composed of several benches which vary in hardness and it 
is likely that in mining and handling the coal, the more friable 
components degrade to a greater extent than the less friable por- 
tions. It follows that the various sizes of our original samples 
show varying degrees of friability. Now, if the sample (12- 
pound work sample) is screened through a 14-mesh screen, the 
14-mesh to zero component may exhibit a greater grindability 
than the plus 14-mesh component. If the plus 14-mesh material 
is passed through the rolls and screened, a second component, 
minus 14 mesh to zero, is obtained which might be less grind- 
able than the first 14-mesh to zero component and more grind- 
able than the remaining plus 14-mesh material. If these steps of 
alternately screening and crushing are continued until all the 
sample has passed the 14-mesh screen, the sample will then con- 
sist of various minus 14-mesh to zero components of different 
grindabilities. If all the components are thoroughly mixed and 
separated into sized samples of say, minus 14-mesh plus 20-mesh, 
minus 20-mesh plus 30-mesh, etc., it seems reasonable that the 
grindabilities of these sized samples should be consistently repre- 
sentative of the whole sample. we . 

Tests 


= Ye 


Four tests were run in a pebble mill of the Abbé jar type using 
100-gram samples of coal, sized minus 14-mesh plus 20-mesh, 
with a constant weight of pebble charge ranging in size from '/; 
in. to l in. The mill was rotated for 5 minutes at 75rpm. It 
was found that a considerable portion of the coal sample coated 
the pebbles and side of the jar and could not be removed easily. 
To correct this, a sample of coal was placed in the mill and the 
pebbles and jar thoroughly coated with the coal. The pebbles 
were shaken in a box screen and the jar brushed out as thoroughly 
as possible; any coal remaining was considered a constant coat- 
ing. It was hoped that when further tests were run on the 
same coal, the amount of coal which coated the jar and pebbles 
would be constant and not affect the results of subsequent tests. 

The results of four pebble-mill tests on coal “B’’ are given in 
Table 2. 


TABLE 2 PEBBLE MILL TESTS—COAL B 
Test 1, Test 2, Test 3, 


| 


Screen size, 


On 


NR 


CO) 


Minus 300 


@ 
to 


98.4 
38,320 


Total 101. 
New-Surface Units 32,400 29,783 

The variation between the four tests is quite marked, although 
Tests 3 and 4 gave results which showed fairly good duplica- 
tion. The use of pebbles of various shapes and sizes naturally 
introduces an element of chance in the position of the pebbles 
relative to each other and the side of the jar, but with a sufficient 
number of revolutions, the probability of any variation due to 
this cause would become negligible. After these preliminary 
tests, it was decided to try the development of another method 
which would be simpler to operate and control. = | 
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A, Steel cylinder (8.5 in. diameter X 7 in. long) 
B, Steel plate (30 in. long X 10 in. wide) 


The results of the pebble-mill tests indicated the desirability 
of obtaining a test with a closer control over the different vari- 
ables such as distribution of feed, elements of grinding, etc., 
coupled with simplicity of construction and ease of operation. 
The idea was conceived that if a given weight of material to be 
tested was spread evenly over a constant area and a cylinder 
rolled over it a definite number of times, a test for the relative 


_ grindability of the various samples should result. 


In order to test the possibilities of the idea an area of 15 sq in. 
was marked off on an ordinary steel bucking board. A steel 
cylinder 4 in. in diameter and 23 in. long was rolled five times 
over a 10-gram sample of minus 20- plus 30-mesh coal, which 
was spread evenly over the marked area. Several tests showed 
enough consistency in degradation to warrant further investiga- 
tion along this line, but it was thought that a heavier roll would 
give a more accurate balance. Accordingly, a solid machined 
steel cylinder 8.5 in. in diameter, 7 in. long, and weighing 105 Ib 


was obtained. This was a size of cylinder most readily avail- 
able and is shown in Fig. 1. There is, however, a definite ad- 


vantage in having a cylinder of large circumference since, in roll- 


_ ing over an area 5 in. X 4 in., any coal which adheres to the 


cylinder is not ground twice and thus does not cause a cushioning 
effect. The cylinder was machined and a 1-in., solid-steel rod 
was press fitted to it to facilitate handling. The cylinder rolled 


_ on a machined steel plate 32 in. X 10 in. X 1 in., which was 


planed to a depth of '/, in., leaving flanges '/, in. wide on each 
side. The two ends of the plate were beveled at about 45 deg 
to facilitate brushing of the sample on to glazed paper. Two 
key ways were cut in the bottom of the plate 3 in. from the ends 
to allow the accurate placing of tilting blocks so as to maintain a 
constant angle of inclination at all times. The crushing action 
is caused by a combination of downward pressure and attrition 
of the grains of coal against each other and the plate. Hence, 
the flatter the angle of slope, the greater will be the vertical 
component of the weight of cylinder on the plate and the crushing 
due to downward pressure will be a maximum for an angle of slope 
of zero. A slope of 1 in. in 30 was selected as desirable for this 
test and sufficient for good crushing action with free rolling of the 
cylinder. 

To facilitate the even spreading of the sample, a small hollow 
mold of metal was made to the desired size of 5 X 4 in. The 
sample was poured into the mold and spread by a metal strip 4 
in. long. The only other accessory, as shown in Fig. 1, was a 


Fie. 1 Test anp PLatTe 


Tilting block in keyway 


€ 


C, Hollow mold and spreading bar 
D, Camel's-hair brush 


camel’s-hair brush used to brush a crushed sample from the 
plate and roll on to a piece of glazed paper from which it was 
transferred to screens. 

After numerous preliminary trials, it was decided to conduct 
the grindability test as follows: 

Spread evenly 20 grams of the minus 20-mesh plus 30-mesh 
component of the coal sample over an area 5 X 4 in. and subject 
the coal to the crushing action of the cylinder which was rolled 
over it ten times. The partly crushed sample is then carefully 
brushed from the cylinder and plate on to a glazed paper from 
which it is transferred to a nest of Tyler screens of 20-, 30-, 60, 
100-, 150-, 200-, and 300-mesh and shaken in a “‘Ro-Tap” sieve 
shaker for ten minutes. The individual fractions are then 
weighed on an accurate analytical balance. The new-surface 
units are calculated by a method similar to that used by Hard- 
grove‘ and the grindability index found by comparing the new- 
surface units produced on the test sample with a coal taken as 100 
grindability. This 100-grindability coal is from the Upper 
Kittanning, or c-prime, seam in Somerset County, Pa., and is 
designated as coal A in all references to follow. Incidentally, 
this is the same coal used by Hardgrove for his 100-grindability 
coal except that he used a run-of-mine sample, while these 
tests were on the !/2 in. 0 size. 

If speed is desired in making grindability tests, the following 
routine is recommended: 


1 Prepare and weigh duplicate samples (20 grams) of coal, 
designated as Ia and Ib and place the samples in a small 
beaker 

2 Spread sample Ia evenly over the area 

3 Roll Sample Ia, brush off roll and plate, and place sample 
in screens 

4 Screen in “Ro-Tap” sieving machine for 10 minutes 

5 While screening la spread and roll Ib. It is possible in 
the 10-minute screening period to spread, roll, and 
partly brush sample Ib from the roll and plate 

6 Make screen analysis of sample Ia, weighing on an 

analytical balance correct to 0.005 gram 

Record analysis and calculate surface units 

Weigh duplicate samples of coal IT 

Finish brushing off sample Ib and screen for 10 minutes 

While Ib is being screened, begin IIa as at operation (5) 

above and continue in the same manner. 


— 


Using this procedure, duplicate samples may be tested and all 
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calculations made in 90 minutes. Thus, twelve such tests may 
be made in 8 hours and if ordinary care and intelligence are 
used very little experience is needed to develop the technique 
necessary to operate the test. 


DETERMINATION OF CHARACTERISTICS OF C.I.T. Routt 


In order to determine the best conditions for operation, the 
following tests were made: 

(1) With a fixed weight of sample, the number of rolls was 
varied using successively 1, 2, 3, 4, 5, 6, and 10 rolls. The new 
surface units in each case were calculated and the results of the 
test tabulated. 


TABLE 3 COALS A AND P 


New-surface 
units—coal A 


New-surface 


units—coal P Remarks 


In each test 10 
grams of coal 
used and spread 
over 20 sq in.; 


five minutes’ 
> screening in each 
34,536 4 case 

(2) With a fixed number of rolls, the weight of the sample 
was varied using successively 5-, 10-, 15-, and 20-gram samples. 
This was equivalent to holding the weight of the sample constant 
and varying the area and it would be expected that this pro- 
cedure would have no effect on the relative grindability of the 
coals. Where a factor of 3000 was used for the minus 300-mesh 
material in calculating new-surface units, the variation was quite 
within the range of experimental error. However, where a fac- 
tor of 1000 was used, a decided drop in relative grindability was 
noticed. This difference is shown by Table 4 and the results seem 
to indicate the greater accuracy of the factor of 3000 for the 
minus 300-mesh material. The characteristic of constancy of 
grindability for varying weight of sample is important where 
substances of varying density are to be tested. 


TABLE 4 COAL K 


——Using 3000 factor 
Weight of Relative 
sample, g grindability 


-———Using 1000 factor—— 
Weight of Relative 


sample, g 


(3) Tests were run on coal A and coal P using the same 
weight of sample and the same number of rolls, but varying the 
size of feed. In one case a 14-to 20-mesh feed was used and 
compared with the relative grindability obtained by using a 20- 
to 30-mesh feed. The relative grindability was the same in 
each case, showing that with the method of preparation of samples 
advocated, the use of a sized feed is probably justified. How- 
ever, this aspect of the problem should be studied more ex- 
haustively. 

The use of a 20-gram sample, spread over 20 sq in., and rolled 
10 times gave a desirable degree of degradation and from the 
character of the apparatus seems to give most constant results. 
Hence, it was adopted as a standard on these tests. 

(4) Tests were run to determine the best screening period to 
use. Three tests were run on coal A, keeping the weight of feed 
and number of rolls constant by using successively 5-, 10-, and 15- 
minute runs on the “Ro-Tap” sieving machine. It was found 
that the number of new-surface units increased from approxi- 
mately 21,000 to 25,500 when the screening period was increased 
from 5 to 10 minutes, but there was practically no difference be- 
tween the new-surface units after a 15-minute screening period 


6 See ‘Analysis of Particle-Size Distribution Curves,’’ which ap- 


pears later in this paper, for further discussion of this value. 


as compared with a 10-minute period. Hence, the 10-minute 
screening period was deemed sufficient for these tests. 

(5) A series of tests were run on coal A to test the accuracy 
of duplication of the method. The results are shown in Table 5. 


TABLE 5 RESULTS OF EIGHT SUCCESSIVE TESTS ON COAL A 


New-surface units Remarks 


26,282 


Test no. 
Average for all tests 
26,373 


Maximum variation from the average 


3.3lpercent 


(6) Four tests were run on coal K to demonstrate the effect 
of the personal element on the results of the test. The relative 
grindabilities obtained on the four tests were 43, 45, 43, and 47. 
Tests 1 and 4 were run by A. C. Barnhart, test 2 by F. R. Mill- 
hiser, and test 3 by Stephen Malovitch. Neither of the last two 
men had any previous experience other than about two minutes 
explanation. The results of these tests indicate the elimina- 
tion of the personal element as a factor in the operation of the 
apparatus. 

The data obtained on 29 coals are the results of about 170 
tests and are shown in Table 6. Where some of the variations 
between maximum and minimum values appear somewhat large, 
it must be considered that many of the tests were performed while 
the method was still in the development stage. The results on 
the British Columbia coals, which were run near the end of the 
experimental work for correlation purposes, serve as a better 
standard of the degree of duplication to be expected. 


TABLE 6 GRINDABILITIES OF COALS TESTED 


Grindability 


Sample 
Min 


no. No. of tests 
47 


to 


eal eal 


NK 


— 


@ Run-of-mine samples. 

’ All run-of-mine and F.R.L.§ samples are based relative to Hardgrove's 
—— 100-grindability sample. All others based relative to sample oi 
coal A. 


CALCULATION OF NEw-SurFace UNITS 


The method of calculating relative grindabilities is similar to 
that used by Hardgrove‘ and is based on Rittinger’s theory that 
the work done in grinding is proportional to the new surface pro- 
duced. This law is generally accepted as being at least a close 
approximation and it can be shown readily that the new surface 
is proportional to the reciprocal of the diameter. (Sge Table 7 
for values. ) 

The factors in the last column of Table 7 are used in calculat- 


i ing new surface units. This method differs from Hardgrove’s 
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TABLE 7 FACTORS USED IN CALCULATING SURFACE UNITS 


Screen 


Reciprocal 
of opening 


30.5 
50.5 
182.0] 
370.0 


55.0 
Infinity 


Average 


mesh reciprocal 


14 
20 
30 


26 


-0027 


0 
0 
0 
0 
0. 
0 
463 
0.0018 
0.0000 Indeterminate 
in’ that he used reciprocal of average diameter, while we used 
average of the reciprocals of the diameters. Both methods 
assume that the coal is evenly distributed between the two end 
screens. Table 8 shows a comparison between the Hardgrove 


and the C.I.T. factors and reveals that the principal difference is 
in the minus 300-mesh factors. 


TABLE 8 
Screen mesh 


COMPARISON OF SURFACE FACTORS 
C.1.T. factor 


Hardgrove factor 


Minus 300 


® Shown in Table 7 as indeterminate, but determined by a method to be 
described later. 


Capacity 60cc a7 


-2-Way Cock 


Rubber 


Filling Mark 


Rising Tube 
1.5mm 


20, ONINGS 
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Fig. 2. SEDIMENTATION VESSEL 
A sample of test data and calculations is given in Table 9 for 
duplicate tests on 20-30 mesh samples of Coal 13 (F.R.L. sample). 
A duplicate test on the same coal like that shown in Table 9 
resulted in 27,083 new-surface units. As the new-surface units of 
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TABLE 9 METHOD OF CALCULATING SURFACE UNITS 


Weight on 
screen, g 


Per cent 


Screen mesh weight Surface 


Less original-surface units 


Loss® 


Total 


31,106 
4,100 


New-surface units 27,006 


@ All loss considered as minus 300-mesh material. 


the 100-grindability coal were 20,992, relative grindability was 
calculated as follows: 
Test no. 1.....27,006/20,992 


Test no. 2.... .27,083/20,992 
_ Average relative grindability 


129.0 
128.6 
128.8 


74 


The great importance of the minus 300-mesh material in de- 
termining relative grindability by this method is readily observed 
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Fie. 3 Viscosiry-TEMPERATURE CURVES FOR ALCOHOL-WATER 
MIXTURES 


Curve Ia, 90 per cent alcohol (data from Critical Tables). 
Curve Ib, Test curve on commercial ethyl alcohol. 
Curve Ic, 100 per cent alcohol (data from Critical Tables). 


Great care in screening and weighing should be exercised for all 
sizes to keep the loss down to a minimum. cs 


The importance of minus 300-mesh material was evident from 
the beginning and a study of this particular size was undertaken 


Srupy or Particie Size or Minus 300-Mesu Coan 


to determine what factor should be used. A method for deter- 


mination of particle size was developed by Professor Andreasen 


of the Polytechnic Academy, Copenhagen, Denmark, and was 


chosen as best suited, with certain modifications, to our purpose. 
This method involves the principle of sedimentation velocity and 
is fully described in a paper by S. Berg.’ 

The apparatus used in this determination is shown in Fig. 2 
and the method of operation is substantially the same as described 
in Mr. Berg’s paper. It was necessary to determine a suitable 
liquid to act as a suspending medium. Water was tried, but 
failed to wet the coal properly and after considerable experi- 
mentation, it was decided to use ethyl alcohol (95 per cent). The 


7™“New Apparatus for Determining Degrees of Fineness and 
Some Applications of This Apparatus to Various Ceramic Materials,” 
by S. Berg, Trans. Ceramic Society, 28, November, PO 
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units 
5 = 2,022 
7 i 30— 60 5.203 26.015 26.02 X 83 = 2,160 
= 60-100 1.720 8.600 8.60 X 149 = 1,280 
7 100-150 0.876 4.380 4.38 X 213 = 935 
-_ 150-200 0.601 3.005 3.01 X 307 = 923 
200-300 0.153 0.765 0.77 XK 463 = 357 
M 1.181 5.90 
| 7.81 X 3000 = 23,430 
a7 0.380 1.90 
= 
30— 60 70 83 | 
208 21: 
Ye 
= | 
—_ 
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alcohol wetted the coal thoroughly, showed no tendency to co- 
agulate it, and after each test about 75 per cent of the alcohol 
was recovered by distilling the residue. Viscosity tests were run 
on the alcohol at various temperatures and a viscosity curve 
(Ib, Fig. 3) was plotted from which the viscosity for various 
temperatures could be read with sufficient accuracy. 

In order to calculate particle size, an adaptation of Stokes’ 
law was used. This involves a modification of Stokes’ law from 
spheres to cubes and is described in an article by Professor 
Andreasen. This equation, which was used in all calculations, 
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pension and curve III would dip below curve II. This does not 
occur and there is quite close agreement between the two curves. 
A comparison of these curves with those obtained from pebble- 
mill samples seems to indicate that the roll samples are deficient 
in the finer sizes. There is a considerably greater proportion of 
loss of minus 300-mesh material from the roll than from the pebble- 
mill and it is felt that the pebble-mill product is more representa- 
tive of the minus 300-mesh size because of the larger quantity 
of that material obtained. 

Tests 4 and 5 (Table 10) show the effect of different degrees of 
grinding on the same coal. Both samples weighed 100 g (20 to 


is given as follows: 


30 mesh) and each was ground in the pebble mill with the same 
charge of pebbles and rotated at the same speed. The only 
difference was that in Test 4 the period of grinding was 10 min, 
while in Test 5 the period was 20 min. Curves VI and VII 
(Fig. 5) coincide closely enough to warrant the conclusion that, 
within limits, the particle-size distribution is independent of the 
period of grinding. 

Tests 1, 5, and 6 in Table 10, show the effect of different grind- 
ing characteristics on the particle-size distribution of the minus 


nh 
k = 0.188 


in which k is in millimeters, n is in poises; h is in centimeters, and 
tin minutes. 
Six tests are listed in Table 10 giving the source of minus 300- 


mesh coal for particle-size determination. a 
SEDIMENTATION TESTS 
How obtained 7 


From pebble-mill tests 
From C.I.T. roll tests 
From C.I.T. roll tests 
100 g; 10 min run; pebble mill 
100 g; 20 min run; pebble mill 
100 g; 20 min run; pebble mill 


TABLE 10 
100 


o 


The conclusions derived from a study of these tests are as 
foliows: 


1 There was no coagulation of the coal particles in the 
suspensions used 

2 The particle size distribution for minus 300-mesh coal is 
independent of the grinding characteristics of the coal 
or the amount of grinding. (This conclusion is con- 
fined to the limits of grinding to which a coal would be 
subjected in a grindability test.) 

From analysis of the particle size distribution curves, 

it is shown that the factor to be used for minus 300 mesh 
is about 3000. 


Cumulative Per Cent 
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Mean Diameter, Microns (se) 


PARTICLE-S1zE DisTRIBUTION CurvEs oF Minus 300-MzEsx 


SAMPLES OF COAL ie 
Curve IV, Coal B—5 min in mill. . 


Curve V, Coal M—20 min in mill. 
Curve VI, Coal P—10 min in mill. 
Curve VII, Coal P—20 min in mill. 
Curve VIII, Data from Neilson. 

300-mesh material. Coal B, used in Test 1, has a relative grind- 
ability of 100, coal P, in Test 5, has a relative grindability of 45, 
and coal M, in Test 6, has a relative grindability of 120. With 
the same charge of pebbles in the mill 

in each case, coal B was ground for 5 f 
min and coals M and P for 20 min 
each. The closeness of agreement be- 
tween curves IV, V, and VII (Fig. 5) 
clearly indicates that the particle size 
distribution of the minus 300-mesh 
material is independent of the grind- 
ing characteristics of the coal. This 
is a very important conclusion because 
if this were not so, a different factor for 
the minus 300-mesh size would have to 
be determined for each coal. 

Curve VIII (Fig. 5) is taken from a 
paper by Harold Nielson® and is the 
result of a test run by Andreasen on a 
sample of high volatile bituminous coal, 
ground in a standard Rema mill using air separation. The close 
agreement between the curves obtained in different labora- 


ANALYSES OF ParRTICLE-S1zE DIstRIBUTION CURVES 


Curves II and III (Fig. 4) show the particle-size distribution 
obtained from Tests 2 and 3 in Table 10. These two curves 
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Fie. 6 Particie-Size 
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Fic. 4 Particie-Sizz DistripuTION Curves oF Minus 300-Mgsu 
Samp.es or Coat A 


Curve II, Approximately 5 g from roll. 
Curve Ili, Approximately 11 g from roll. 


clearly show that there is no tendency of the particles to coagu- 
late in the suspensions used since any coagulation would be in- 
creased in Test 3, owing to the greater concentration of this sus- 


®*“High Combustion Densities in Restricted Furnace Space,” 
by Harold Nielson, Proc. Third Int. Conference Bituminous Coal, 


¢ . 246-275. 
1931, part two, pp. 246-275. 


&, 


6 
| 


8 Andreasen, Kolloid-Zeit., March, 1929, pp. 175-179. 
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tories and probably using different suspending mediums is a good 
measure of the accuracy of the method and further substan- 
tiates our conclusions. 

The method of obtaining the factor to be used in calculating 
surface units of the minus 300-mesh material from the particle 
size distribution curves was as follows: 

The size of each opening in the 300-mesh screen is 0.0018 in. 
The interval between the origin and the 300-mesh size was di- 
vided into eighteen sections by ordinates every 0.0001 in. An 
enlarged view of two of these sections is shown in Fig. 6. 

For each section the factor was found in the usual way by ob- 
taining the average of the oa! of the two end sizes; i.e., 


1 
for A, 7 + - 2; for B, : aa : 2; etc. Now for each 
a b b 


section the percentage of the minus 300-mesh material between the 
end limits was taken from the curves and this percentage multi- 
plied by the factor just calculated gave the part of the total fac- 
tor for all the minus 300-mesh material attributal to each section. 


For section A, the calculation would be the percentage drop _ 


ed times the factor, and for section B it would be the percentage 
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Fig. 7 Errsecrt on RevaTiveE GRINDABILITY OF VARYING 
For Coat H, Minus 300-Mesu 


drop fe’ times the factor. For the section between 0.0000 in. 
and 0.0001 in. it was necessary to take the factor as the reciprocal 
of the average rather than the more accurate average of the re- 
ciprocals since 1/0 is obviously indeterminate. However, as 
was shown, for such a small interval the error introduced is quite 
small. Finally, the values obtained for all eighteen sections were 
summated and the factor obtained represents a reasonable value 
to be used in calculating surface units. The values obtained 
ranged from about 2800 to 3400 and a value of 3000 seems to 
represent a good average and is used in all our calculations of 
relative grindability. 

Curve IX (Fig. 7) shows the effect on relative grindability of 
varying factors for minus 300-mesh material using coal H. The 
effect of varying the factors from 1000 to 3000 gives a drop of 5 
in relative grindability from 52.4 to 47.4. Hence, while the 
variation in final results as compared with the factor of 1000 
used by Hardgrove‘ is not as great as it would at first seem, it is 
believed that this factor of 3000 is the more accurate value. 
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CorRELATION OF THE C.I.T. Metruop tHe F.R.L., 
HARDGROVE, AND Cross MeTHops 


In the latter part of our work, we were able to correlate the 
grindability indexes obtained by the C.I.T. method with those 
obtained by the F.R.L. method, the Hardgrove method, and 
the Cross method by tests run on fifteen standard samples of 
British Columbia coals, furnished through the courtesy of Mr. 
R. E. Gilmore, Superintendent Fuels Research Laboratories, 
Department of Mines, Ottawa, Canada. Our grindability 
indexes are made relative to Hardgrove’s standard 100-grind- 
ability coal, and in this way we were able to compare our results 
with his on eight of the fifteen samples. 


TABLE 11 CORRELATION DATA ON F.R.L. SAMPLES - 


F.R.L. Cross H ‘ove C.LT. 
method, method, method, method, 
Sample avg of 2 avg of 2 avg of 2 avg of 2 
no. determinations determinations determinations determinations 
1 153 221 37.0 36.5 
2 172 267 41.6 39.5 
8 210 309 52.4 52.5 
4 228 363 59.6 48.1 
6 262 442 70.3 62.3 
333 507 89.1 70.1 
8 
9 309 90.8 
10 326 106.3 
ll 341 97.2 
12 345 94.8 
13 355 128.7 
14 374 670 99.1 115.6 


In five of the eight cases tested by both methods there is very 
close agreement between the Hardgrove grindability index and 
the C.I.T. grindability index. The samples as received consisted 
of two one-quart jars of minus 10-mesh coal. The procedure 
followed was to riffle the original sample down to about 250 g 
and screen out the minus 20 plus 30-mesh component, discarding 
all the minus 30-mesh coal and the plus 20-mesh coal. Since the 
samples were prepared by alternate crushing and screening, we 
believe that this 20 to 30 component is representative of the 
sample, but it would have been desirable to run tests on the 
minus 10- plus 20-mesh component to see if the relative grind- 
ability of this component was the same as that of the minus 20- 
plus 30-mesh size. The agreement with the F.R.L. method and 


the Cross method was not very consistent. 
= 
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Pulsating 


Mechanically induced air flow is pulsating even when 
it may seem steady to the physical senses. This pulsation 
causes errors in velocity measurement that are often as 
great as twenty per cent when the conventional pitot 
tube or orifice is used with a liquid manometer, and it 
causes an increase in the velocity-energy and fluid-friction 
loss that can easily reach fifty per cent. 

A simple portable instrument has been developed by 
the author which gives the true average air velocity for 
any amount of pulsation. In this instrument, the air 
velocity creates a water velocity through a submerged 
orifice, and this water velocity is always proportional to 
the air velocity at that instant, and can therefore be used 
to determine the true average air velocity, regardless of 
the amount of pulsation. 

The instrument was first verified by checking it on 
velocity-wave forms of known characteristics. Following 
that a blower was tested for several conditions of operation 
and the air velocity was determined with the instrument 
and compared with the values given by the conventional 
instruments. Ina similar manner the intake air velocity 
was measured for single-, four-, and six-cylinder internal- 
combustion engines, and the effectiveness of a receiver 
tank for damping pulsations was studied. 

The last section of the paper is devoted to similar tests 
on the slip-stream velocity of an airplane propeller where 
the effect of pulsation on the efficiency of the propeller 
was worked out. 


I," YHENEVER air is caused to move by mechanical 
means, the resulting air velocity is pulsating in nature. 

It has long been recognized that the motion of the 

intake air of internal-combustion engines and the discharge 
of reciprocating compressors is definitely cyclic. Recently 
H. F. Hagen? demonstrated that the discharge of air blowers 
pulsates much more than was previously realized. This same 
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in the engineering department of the Washington Water Power 
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was appointed in 1934 to his present position. Among his published 
papers are: ‘Heat Flow From Underground Power Cables,” in the 
1929 A.I.E.E. Transactions, ‘‘The Response of Thermocouples,” 
in the November, 1931, and “The Measurement of Surface Tem- 
peratures,” in the August, 1932, issues of Mechanical Engineering. 

2“Pulsation of Air Flow From Fans and Its Effect on Test Pro- 
cedure,” by H. F. Hagen, A.S.M.E. Trans., vol. 55, paper FSP-55-7, 
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of the Society. 


By NEIL P. BAILEY,? AMES, IOWA 


PTC-56-1 


Te 


condition is also present in air flow actuated by propellers and 
ventilating fans. It is quite commonly appreciated that pulsa- 
tion introduces serious experimental errors, but not so universally 
recognized that it is a source of considerable energy loss. 

At present very little quantitative information is available on 
this subject, chiefly because there has existed no adequate 
experimental method for studying it. Most of the effort to 
date has been directed toward devising receivers, ducts, and 
nozzles to damp out the pulsation sufficiently to obtain reliable 
test data, rather than on attempts to study the pulsating flow 
as it actually exists under operating conditions. The direct 
data? that have been obtained required such elaborate testing 
technique as to make any extensive investigations almost out 
of the question. It is the object here to present a very simple 
and effective method for studying pulsating air flow, and to 
offer some experimental information so obtained in the hope 
of directing attention to some of the important facts connected 
with pulsating air flow. 


PuysiIcaL ErFrects oF PULSATION 


The usual method of determining the velocity of air is to 
measure the velocity head obtained from a pitot tube, nozzle, 
or orifice by means of a manometer or other pressure-sensitive 
instrument. The velocity calculated from this pressure reading ; 
is the true average velocity only when the flow is not pulsating. 

Since the velocity head or pressure is proportional to the square 

of the air velocity, and since the manometer indicates the average 

value of this pressure, it follows that the velocity calculated 
from this reading is the square root of the average value of the . 
velocity squared, or the effective velocity. 

An idea of the possible magnitude of this error may be had 
by considering an air velocity having a harmonic pulsation, 


Uo Sin wl, superimposed on a steady average value te. 
} 


The effective value of the velocity vey is given by 
2r 
J (Vav + vo Sin wt)? wdt 
0 vo" 


Ve = = 0” 
Sf + [1] 


Or, the ratio of average velocity to effective velocity becomes 


v 
If (=) is defined as the pulsation, the condition of ~ = 1, or 
unit pulsation, corresponds to a flow where the velocity varies 
from zero to a maximum sinusoidally. For this case 


Veff 
which represents considerable error for a velocity determination. 

Also, for air flowing in this pulsating manner, the kinetic 


energy that must be given to it compared with the energy that oe 
would be necessary if the flow were free from pulsation, is given 


v, 2 
by the ratio, (6 = 1.5. The friction loss in ducts and ale ; 
av 
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| 
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pipes is increased in this same ratio. Since this much pulsation 
is not at all uncommon in practise, and lesser amounts very 
common, it is highly desirable to be able to determine the average 
velocity accurately when testing, and to be able to determine 
the ratio var/vg to be able to compare the effectiveness of 
different blower, fan, and propeller designs in eliminating pulsa- 
tion. 


METHOD OF TESTING 


Obviously, any instrument. that is to measure the true average 
velocity when the flow is pulsating must be actuated by some 


3 


Fie. Meter 

physical manifestation that is lineally related to the air velocity 
at any instant. The instrument? shown in Fig. 1 is one that 
meets this requirement. The velocity head or pressure of the 
air varies as the square of the air velocity, and the rate of flow 
of water through an orifice varies as the square root of the ap- 
plied head, provided the coefficient of discharge is constant. In 
this instrument the velocity head of the air is used to cause 
water to flow through an orifice. The result is that at any instant 
the rate of flow of water through the orifice is directly propor- 
tional to the air velocity at that instant. If the water flowing 
through the orifice is collected for a time and the average rate 
of flow determined, the true average air velocity can be found, 
regardless of the amount of pulsation. 

Water is brought from the constant head supply tank (4), 
through the tube (5), and the inlet valve (6), to the high-pressure 
side of the working chamber (7). After passing through the 
orifice (8), the water reaches the low-pressure side of the working 
chamber, leaves through the discharge valve (9), and is collected 
for measurement in the graduate (10). The water rises in the 
glass tubes (11), and (12), that communicate with the high- 
pressure and low-pressure sides of the working chamber through 

Lo 


3 A patent has been applied for by the author. ee = wee: 


the stuffing glands (13). The height of water in the glasses (11), 
and (12) can be measured by the scale (14). 

When the meter is in operation, the velocity head of the air 
being measured is brought from the pitot tube or nozzle and 
connected to tubes (11) and (12) in such a manner that the higher 
pressure is applied to tube (11). The rate of flow of water to 
and from the chamber is regulated by valves (6) and (9) until 
the height of the water is the same in columns (11) and (12). 
In such a condition, the only head causing water to flow through 
the orifice is the velocity head of the air being studied. Since 
the rate of flow of water through the orifice at any instant is 
directly proportional to the air velocity being measured, if the 
average rate of flow of water through the orifice is determined 
by measuring the discharge, the true average velocity of the air 
can be determined from the calibration curve of the meter, 
irrespective of the amount of pulsation of this velocity. 

The meter is calibrated by regulating the inlet and discharge 
valves until the water in column (11) is some amount higher than 
in (12), when both are open to the atmosphere. Since the 
effective and average velocities of the air are identical with no 
pulsation, the resulting rate of flow of water through the orifice 
corresponds to a steady average velocity of air that would give 
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a velocity head equal to the difference between columns (11) 
and (12). 

Such a calibration curve for this instrument is shown in 
Fig. 2. The fact that this curve fails to pass exactly through the 


origin makes necessary a consideration of the characteristics of 
orifices under low heads. The usual form of the equation of 
discharge, Q = CA V/2gh, must be modified to the form, 
Q = CA V 2g(h — h’) for low heads, where C is the coefficient 
of discharge and h’ is the head necessary to overcome surface 
tension and start the flow. 

The first orifice built was really a hole in brass, 0.05 in. in 
diameter and 0.10 in. long with rounded entrance and discharge. 


Fig. 2 CALIBRATION OF FLuID-VELOcITY METER 
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When it was first constructed, the calibration curve passed exactly 
through the origin. However, after a few weeks’ use it was 
discovered that the curve had shifted and passed through the 
point of 9 ft per sec air velocity at zero cc of water per minute, 
and showed an increase in discharge at higher air velocities. 

It was finally observed that freshly machined brass is not 
really wetted by water, and no surface-tension effect is present. 
After being used a while the chlorine or manganese in the water 
covered the surface of the brass with a black film which caused 
the water to wet the brass with a corresponding evidence of sur- 
face-tension effect at low heads, and a decreased jet contraction 
at higher heads. 

After this experience, the orifice was made sharp edged to cut 
down the wetted surface, and was allowed to be in the water 
some time before calibration. The result was an orifice that 
holds its calibration and whose calibration curve comes sufficiently 
close to passing through the origin for all practical purposes. 


A CHECK ON THE Test METHOD 


The logical method of verifying the theory of this method of 
measuring pulsating air velocity is to try it out on a velocity 
wave of known characteristics and compare the test results with 
the theoretical ones. To accomplish this a jet of air was blown 
through a small nozzle against the outer edge of the cut-out disk 
shown in Fig. 3a and a pitot tube was located in the path of 
the jet close behind the disk. When this disk was rotated, a 
square wave of air velocity was impressed on the pitot tube. 

A complication arose, however, because the air was furnished 
by a blower that caused the flow of the primary air jet to be 
pulsating rather thar. steady, giving a wave form as shown in 
Fig. 3(b). During most of the test, the disk was rotated at 240 
rpm, giving a primary frequency of 8 cycles per second. The 
blower was a high-pressure exhauster having 6 vanes on its 
rotor, which, when running at 2100 rpm, gave a superimposed 
frequency of 210 cycles per second. This gave 26.25 cycles of 
high-frequency pulsation for one cycle of primary frequency. 

The impact tube of the pitot tube was connected to tube (11) 
of the instrument, and the static tube was connected to tube 
(12). By using Y-connections, this same velocity head was 
put on an inclined manometer. With the disk removed and the 
blower at 2100 rpm, the manometer head gave an effective 
velocity for the primary jet of vey = 121.5 ft per sec. The cc 
per minute of water from the instrument when converted from 
the calibration curve gave an average velocity var = 118.0 ft 
per sec. This gave a ratio vav/ve = 0.972, which when used in 
Equation [2], gave a primary pulsation v/vae = 0.32. 

With the blower and pitot tube as before and the disk rotating 
at 240 rpm, the effective velocity Vy became 82.5 ft per sec, 
and the average value Va. was 57.5 ft per sec. This corre- 
sponded for a Var/Vey = 0.70. The theoretical value of 
Vae/vav should of course be 0.50 and was by test equal to 


57. 
ll - 0.495. The theoretical value of Vey for the wave of 
Fig. 3(b) 


[3] 


(vav + vo sin 
Vay = 


Or, assuming n an integer which may or may not be realized 


Vo? 
but, since | 


an (a, Disk for generating pulsating flow; b, Velocity-wave form.) 


AIR FLOW 


Substituting the value of vp/vez = 0.32 previously found for the 
primary jet, gives Var/Vey = 0.69. Thus, the theoretical 
Vav/vav = 0.5 as compared with a test value of 0.495, and a 
theoretical Va»/Vey = 0.69 as against a test value of 0.70 
gives a very satisfactory check for this method of testing pul- 
sating flow. With the disk going at a speed of 1200 rpm or 
40 cycles per second, a test value of Vae/Vay = 0.704 was 
found. These are but samples of many similar checks on the 
instrument. 

A possible source of error in this instrument is worthy of 
mention here. In an earlier instrument, the tubes (11) and (12) 


were quite large compared with the rubber tubing that came 


Fie. 3 Putsatine 


from the pitot tube, and it was found that the length of rubber 
tubing materially affected the result obtained. When the 
inside bores of the glass tubes, of the rubber tubes, and of the 
passages of the pitot tube were made essentially the same, it 
was found tnat a variation in rubber-tube length from a few 
inches to several feet made no detectable difference in the 
results. It was also found that a pitot tube with a greater 
static hole area than usually used, is desirable for the same reason. 
Most of the static pressure damping? and the error due to rubber 
tubing seems to be effectively eliminated by keeping the air- 
passage area constant all the way from the pitot tube to the 
water surface of the instrument. 

The accuracy of this method of measuring pulsating air veloci- 
ties is independent of the frequency except for very high and 
very low frequencies. Suppose, for example, that the total 
length of air path from the pitot tube to the instrument is two 
feet. The critical frequency of such a tube length would be 
280 cycles per second, which would correspond to a blower 
speed of 2800 rpm for a six-impeller rotor. This upper frequency 
limit can be raised by coupling the whole system shorter. 

The lower frequency limit for accuracy seems to be about 
5 cycles per second for the instrument used. Below that fre- 
quency the water surface is in such violent agitation as to make 
the leveling of the two water columns difficult. As the fre- 
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| quency is increased above this value the water quiets down, _ testing, but also of emphasizing the desirability of studying the 
= at 10 or 12 cycles per second the very surface of the water performance of existing designs in order to determine the types 
is all that has any motion. This lower limit of frequency can that are free from excessive pulsation. 
doubtless be lowered by the correct proportioning of the tubes 
and working chamber together with the sizes of valve openings PULSATION OF ENGINE INTAKES 


_ and of the orifice. Some very ingenious methods exist for damping out the pulsa- 


PULSATION or AIR BLOWERS tion in the intake air of internal-combustion engines sufficiently 
to obtain reliable air determinations, but here again, very little 
is known about the actual amount of pulsation present under 
different conditions. 

The first engine tested was a single-cylinder, four-stroke-cycle, 
gasoline engine with a displacement of 24.9 cu in. and a rated 
speed of 1000rpm. A rounded entrance nozzle, 0.383 in. in throat 
diameter was placed in the air inlet to the carburetor. The 


y | velocity-head draw-down given by a static tube in the nozzle 
4 , : throat was connected to tube (12) of the instrument, Fig. 1, 


The work of H. F. Hagen? established the fact that the 
_ pulsation in the discharge of air blowers assumes serious pro- 
ae It not only complicates the test procedure, but also 
may cause entirely erroneous ideas of performance. To illustrate 
the foregoing method of testing with pulsating flow, a high- 


and also to an inclined manometer. The average and effective 
air velocities through the nozzle were determined for several oper- 
ating conditions. 

For the next set of tests, the air was drawn by the engine 
through the same nozzle and through an intermediate tank 


1.0 


> 


e 


> 


part of a 6-inch, open-throat wind tunnel shown in Fig. 4. 

The blower was first tested when removed from the tunnel 
and discharging directly into the atmosphere. With a pitot 
tube placed in the discharge, the average velocity, vay, and the 
effective velocity, vey, were determined as previously explained 
at speeds ranging from 800 to 2700 rpm. 

‘The blower was next placed back in the tunnel and the air 

7 was blown around the tunnel and through the discharge nozzle (3) 
with the intake pipe (2) removed. The average and effective 
velocities at the discharge nozzle were obtained for the same 
range of speeds. Following this, the 6-inch discharge nozzle 
was replaced by a 2-inch nozzle and the tests repeated. 

The resulting curves of (vav/vey) are shown plotted against 

a blower speed in Fig. 5(a), and values of (vo/vav) calculated from 
Equation [2] are shown in Fig. 5(b). It is worthy of note that 
at 800 rpm the pulsation (v/vav) of the blower with a free dis- 
charge is almost unity, which represents a flow that practically 
ceases between impulses. For such a condition of flow a pitot- Blower, | SF Rpm 
tube traverse would credit the blower with 21 per cent too much 7 7 
air delivered, and the kinetic energy contained by the air is Fic. 5 Putsation 

47 per cent greater than would be the case with steady flow. (a, Vav/Vers vs. rpm; b Vo/Vav vs. rpm.) > 7 : 
an _ _ A comparison of the curves for the blower alone and for the 
blower with the tunnel and nozzle illustrates the effect of a 
4 receiver and nozzle on damping out pulsation. It is possible to 
predict accurately‘ the curve with the tunnel and nozzle from 
the curve of the blower alone. The amount of damping pro- 
duced by a receiver and nozzle increases with frequency, receiver 
volume, and quantity of discharge and increases as the discharge 

nozzle area is decreased. 

While the foregoing tests are for only one machine, they seem 
to illustrate the need, not only of considering pulsation when 


° 
e* 


Pulsation Vo/Vav. 


Fic. 4 BiLower anp WIND TUNNEL 
pressure blower with a 6-vane rotor was tested for pulsation 
under various conditions of operation. This blower is normally 


20 
Blower,Hundreds of Rpm 


ef 


Ratio Vav. 


24 28 


having a volume 278 times the engine displacement. The pulsa- 
tion of the air flowing into the tank was determined as before. 

The results are shown in Fig. 6, along with the theoretical 
pulsation. The theoretical value of vav/vey = 0.45 was calcu- 
lated by assuming the air entering the cylinder to be a true 
loop of a sine curve during the suction stroke, and the air flow 
then remaining zero until the next suction stroke. 

The difference between the theoretical value and the (vae/vey) 
for the air with a direct intake shows how much pulsation was 
damped out in the intake or induction system of the engine. 

« Not included here because the mathematics are somewhat tedious The amount of damping produced by the receiver tank and 
and involved. nozzle is also considerable, but even » thee the air measurement 


= 
a a 
a. (b) 


to the engine, if m 
per cent in error. 

A standard four-cylinder automobile engine was tested next 
by placing a nozzle in the carburetor intake and measuring the 
average and effective velocities. Over a wide range of operating 
conditions, the results stayed quite close to an average value 
of vav/vey = 0.927. The theoretical value found by assuming 
sine loops for the intake strokes of such a four-cylinder, four- 
stroke cycle engine is vav/vey = 
0.90. This represents much less 


PULSATING AIR FLOW 
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The test propeller ee 30-in. diameter, Navy Type, 
wooden propeller, with a pitch ratio of 0.7, the specifications 
for which are given under propeller L, p. 161 of the 1926 Report 
of the National Advisory Committee for Aeronautics. This 
propeller was turned at its rated speed of 1700 rpm by a '/:-hp, 
d-c motor. No wind tunnel large enough to mount the propeller 
was available, so only static tests could be run. 

According to the momentum theory, part of the increase in 


100 


damping in the induction system 


Vav. / VeFfF. 


than in the case of the single- 
cylinder engine, which is typical 


/ Vert. 


ocity x I/ 
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of all attempts to damp pulsation. 
When large amounts of pulsation 
are present, it is relatively easy to 
damp out a greater part of it, 


a 


but as the pulsation decreases, it 
becomes correspondingly more 
difficult to decrease the amount of 


v.and Average Vel 


S 
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variation in the flow. 
This is again illustrated by the 
pulsation of a standard six-cylinder 


Vo/Va 


- Vo/Vav.and Average Velocityx 


automobile engine with a nozzle 
in the carburetor intake. Theo- 
retical calculations from intake 
loops that overlap 60 degrees give 


Vav./V eff. 


Vav/Vey = 0.994. Careful tests over 4 8 


a wide range of conditions gave ex- 
perimental values ranging from 
0.995 to 0.997 for vae/vey. 


PULSATION OF PROPELLERS 


An airplane propeller creates a thrust by increasing the 
momentum of the air that it handles. This increase in velocity 


with Receiver 


Dire ct Intake 


Theoretical 
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Velocity Head , Inches of Water 


Fic. 6 INTAKE PULSATION FOR SINGLE-CYLINDER ENGINE 


represents kinetic energy that is given to the air by the propeller 
to obtain a thrust. The thrust depends on the average velocity, 
but the kinetic energy given to the air stream depends on the 
effective velocity. Any pulsation that the propeller creates 
represents an increase in propeller power over and above that 
necessary if the flow were steady. 

All propeller theory tacitly assumes no pulsation, but it is 
rather improbable that anything as intermittent as the passage 
of a narrow propeller blade can possibly produce steady flow. 


Inches Behind Propeller 


Fic. 7 PuLsaTIon BEHIND A PROPELLER 
(Pitot tube at 9-in. radius with a 30-in. diameter propeller.) 


Vav. / Veff. 
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2 le 4 8 
Inches Out from Center 


Fre. 8 Puisation Across A PROPELLER 


(Pitot tube 9 in. behind 30-in. diameter 
propeller.) 


velocity is accomplished by inflow in front of the propeller, the 
propeller then builds up the pressure of the air, and this pressure 
energy is converted into velocity behind the propeller. In the 
light of this, a change in the amount of pulsation would be 
expected as the pitot tube is moved further back from the plane 
of the propeller. 

The first run was made with the pitot tube out at a radius 
of 9 in. and at varying distances behind the propeller. Curves 
Of var, Vav/Vey, aNd vo/vae are shown in Fig. 7 for a propeller 
speed of 1700 rpm. This curve shows a slight increase in average 
velocity, var, up to a point 9 in. behind the propeller, where it 
begins to decrease uniformly. It should be remembered, how- 
ever, that in the first 9 inches, the viscous drag about the jet 
is also tending to decrease vee just as it does after the in. 
point is reached. It follows, then, that the actual tests only 
show a part of the increase in vee that would take place under 
idealized conditions. 

The pulsation v/vae increases up to this same point and then 
remains constant after the pulsating pressure energy has all been 
converted to velocity. Values of vae/vey = 0.92 and 1/vae = 0.60 
show that a very appreciable amount of pulsation is present and 
should be considered in the theory. 

Fig. 8 shows the same tests with the pitot tube 9 in. back of 
the propeller and at different radii. It shows that the amount 
of pulsation is fairly constant until the edge of the jet is reached, 
where the flow becomes violently pulsating in nature. In this 
connection, it was observed that when an air disturbance in the 
test room caused the propeller tips to set up a violent flutter 
and noise, with the pitot tube near the tip of the propeller, the 
average velocity practically disappeared even though the manome- 
ter continued to indicate a fair value of effective velocity. 
There appeared to be more than an incidental connection between 
the amount of pulsation and the amount of noise. 

As previously pointed out, this pulsation in the air flow repre- 
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sents an increased propeller loss above that necessary with steady 
flow. For example, with an airplane traveling with a velocity 
V, suppose the propeller gives an increase in air velocity of 
Veo + ¥ Sin wt. The average velocity in the slip stream is 
given by V + va», and the effective velocity turns out to be 


By modifying the classical momentum theory of propellers to 
include pulsation, it can be shown that the ratio of the ideal 
efficiency with pulsation to the ideal efficiency with steady flow 
is given by, 

1 
V Vae 
E> <<" 


Vim 


-—< When the velocity of the airplane is very large compared with 


_ the slip-stream increase, this efficiency ratio, of course, _— 
“ unity. In the intermediate range where the ratio of 3 is, say 


0.2, this ratio is 0.985, if the previously determined test value 
of vo/vee = 0.60 is used. At very low velocities, such as at 
take-off, the velocity V approaches zero and the efficiency ratio 

becomes 0.85. 

Thus, the effect of pulsation on a propeller is a decrease in 
efficiency of about one per cent at high velocities up to a decrease 
of 15 per cent at take-off. Stated another way, for a given power 
_ input to a propeller, the presence of unavoidable pulsation de- 
creases the static thrust 15 per cent below the value that could 


be attained with steady flow. 
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With a simple portable instrument available for studying 
pulsating flow, it is possible to find out much more about fluid 
flow than has previously been possible, and there is a wide field 
that needs investigation. 

Considerable work seems desirable on the determination of 
the rate of decay of pulsation along ducts and pipes. As men- 
tioned before, pulsation causes a serious increase in friction loss 
in pipes above that which is necessary with steady flow. Plans 
are under way to adapt the present instrument to the study of 
the pulsation of flowing water and other fluids. It seems reason- 
able to believe that liquid pumps are just as liable to create 
pulsating flow as are air blowers. 

The decrease in pulsation between a four-cylinder engine and 
a six-cylinder one seems to suggest a logical method for decreasing 
pulsation. In a six-cylinder engine, the suctions overlap, and a 
great reduction in pulsation results. An air blower with two 
independent rotors drawing air from separate intakes, but having 
the rotors staggered and delivering air to a common discharge 
seems to be a logical method of obtaining overlapping discharges 
free from pulsation. 

It is rather difficult to realize that air flow, that is usually 
considered steady, is actually badly pulsating. The physical 
sense of feel can detect pulsation up to a frequency of as high 
as 60 cycles a second. Above this frequency, air flow that is 
actually discontinuous seems perfectly steady. In any case, 
however, the determination of the true average and effective 
velocities as previously described, not only detects the presence 
of pulsation, but also tells quantitatively how much pulsation 


— 
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This ideally simple form of weir has a wide, accurate 
range for heads up to about one foot, is inherently free 
from aeration difficulties, and has a better agreement 
between data from various sources than would be expected 
from experience with other weir forms generally. The 
present paper has to do strictly with weirs of the V-notch 
form, only, and their viscosity corrections with hot water, 
although the same method may also find some use with 
more viscous liquids, such as oils. 


ably be expected to be accompanied by identical coeffi- 
cients, regardless of the size and, in this case, the head. 
The V-notch weir is inherently similar in its shape for all heads 
since its cross-section remains a similar triangle of width 1 and 
head h, regardless of the magnitude of the head. 
The similarity of the triangular cross-section is thus established 
by the constancy of the ratio 


(a METRICAL and flow similarity in a weir may reason- 


The profile of the stream below the weir has a horizontal 


component due to its velocity v and a vertical component that — 


is proportional to the head h on the weir. The ratio of the 


velocity head to that on the weir, or 


is substantially constant and the stream profile, consequently, 
is similar regardless of the value of the head. 
With similar flow lines 


expresses the balance between inertia and viscous forces in a 
liquid having kinematic viscosity ». This is the familiar Rey- 
nolds number in which the usual dimension, diameter d, has 
been replaced by head h. These three dimensionless ratios 
may be derived by the methods of dimensional analysis used by 
Reynolds, Lord Rayleigh, and Buckingham. 

For low-viscosity liquids and the usual heads, it is permissible 
to assume that 


so that [3] becomes rr 
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for a constant value of g, the acceleration due to gravity. For 
greater convenience in use, this can be transformed into 
The formula used herein for the V-notch weir is 
[7] 


using the customary mixed but convenient units of cubic feet - 
per minute and inches, respectively, forQandh. The 5/2 power 
results simply from the product of the area, which varies as h?, 
and the velocity, which varies as h'/*, so that the power of h is 
2 plus 1/2. 

That it is not necessary to assume a square-root relation 
between velocity and head is apparent from the following, in 


20 30 40 50 60 _80 100 ——-200-~—s« 300 400 
T | T 
0.310 | 
| | 
| 
| a 
if t 
0.305 + aN 
| 
+ 
| 
t 
| 
| 
| 
| 
| | 
0.295 | | | 
45678910 IS 20 


which the coefficient depends upon a familiar modification of the 
Reynolds number —n the quantity-rate Q: 


From Equation [7] for V-notch weirs 


and [8] becomes 


[10] 


Since there is true correspondence between [8] and [10] even 
where the assumption in [4] of the square-root relation is not 
valid, [6] or [10] may be used even for quite viscous oils. 
These same ratios [6] and [10] also may be used with similar 
rectangular weirs, i.e., those having constant values of l/h, by 
contour plotting. 

In Fig. 1, the coefficient C is plotted on logarithmic paper 
against the head in inches for a 90-deg notch and an additional 
scale for [6] is provided on the top of the graph. Yarnall’s 


4 
1e V-Notch Weir for Hot Water m= 
a= - 
“ 
| 
- 


_ data are plotted (full line) on a 68 F (20 C) basis. The broken 
line is for a constant exponential mean of the curved full line 
over its most generally used range. Fig. 2 for hot water shows 
_ a similar graph for kinematic viscosity plotted against tempera- 
ture. On the right-hand side of this graph a scale for the 2/3 

power of the specific kinematic viscosity vs is included for con- 

venience. From these figures it is apparent that a decrease in 
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and from [7] 
Q = 


so that when the mean exponent of h is determined, then n may 
be readily computed and the effect of small changes of kinematic 
viscosity directly allowed for. The data on the figure may be 
represented within a tenth or so of one per cent by the formula 


0.020 


0.010 


1.5 Q = 


| 


for water at 68 F and heads of from 2.5 to 10 inches. 


1.0 Inspite of the fact that a mean value of n was used 
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in this formula, it may be used with less error than the 
usual Q-h logarithmic graph previously mentioned, 
especially where logarithmic tables and a modern 
calculating machine are available. However, since 
the coefficient curve flattens out at both high and 
low heads, and in general acts like that for a thin- 
plate orifice, the above exponential formula should 
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temperature is accompanied by an increase in the kinematic 
viscosity and also in the value of the coefficient. In application, 
about five values of the quantity are computed for the corre- 
sponding heads and plotted against them on double-logarithmic 
paper. Intermediate values are then interpolated readily for 
: any given liquid. In Fig. 3, the coefficient C for the 90-deg 
notch with water at 68 F (20 C) is plotted against the quantity- 
ay ee rate Q with an additional scale for Ratio [10] on the top of the 
; graph. Another similar scale on the bottom of this graph shows 
the corresponding values of head h at 68 F. This figure is 
_ most convenient for use where an indicator shows the volume- 
_ rate directly for 68 F and the water is at another temperature in 
actual operation. By multiplying vs by v«/* from Fig. 2, one 

can readily obtain »./* for use with Q in Fig. 3. 

While the graphical methods are generally satisfactory, the 
following approximate exponential formula may be useful for 
some purposes: 

From [4] and [5] 


0-5-1. 5nyn 


not be used for extrapolating beyond the limits for 
which the mean n has been selected. The following 
values give the viscosity correction for water at 
various temperatures as computed by [14]. 


32 50 100 150 200 8 250 300 


Temperature, F 
0.71 0.35 —0.44 —0.96 —1.37 —1.68 —1.89 — 


350 

Correction, per cent 2.11 

The surface tension s may reasonably be expected to contract 

the surface of very small streams and thus pinch down their 

cross-sectional area. This effect of decreasing the coefficient 
has been related by Weber with 


where p is the density of the liquid. Again neglecting any 
change in g, the acceleration due to gravity, this dimensionless 
ratio becomes, from [4] 


or, more conveniently 


Since low rates of flow require corrections both for viscosity 
and surface tension, contour plotting of the coefficient C, against 
ratios [6] and [17] may be convenient. Also, the effects of 
adhesion may be taken into account theoretically by an addi- 
tional dimensionless ratio, as with rectangular weirs. However, 
when the stream from a V-notch weir is so small that the stream 
does not certainly break away from the weir plate, it may well 
be preferable to turn from this method of measurement instead 
of attempting to correct an unreliable value. 

For theoretically complete similarity, the dimensions of the 
weir box should be changed in proportion to the head. Since 
this is generally impracticable, their effects are generally mini- 
mized by reducing the velocity of approach to a negligible amount, 
or a small determinate value, by having the vertex of the weir 
notch over 3h from the floor and sides of the weir box, and by 
providing baffling to produce fairly uniform approach velocity 
with the slight, diffused turbulence that results from sieving 
the flow through holes in one of the baffles. The nearest baffle 
should be at a distance of at least 4h from the weir plate and 
preferably about 10h distant. The head h should be measured 
at a point slightly downstream of this baffle. The weir edge 
should be sharp and square with about '/s:-in. thickness, and the 
trailing edge should have about a 60-deg clearance to facilitate 
aeration and getting the liquid clear away. Yarnall used this 
construction with a maximum head of 16 in. and his data are 
used herein in view of the present author’s acquaintance with 
the hydraulic engineers and the laboratory involved, and in 
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spite of the fact that the weir box was possibly somewhat shorter 
than may be generally considered desirable. The weir plate 
should be practically flush with the face of the weir box, although 
a thin plate will not cause serious disturbance of the flow up- 
stream of the weir. A free fall of water from the weir must be 
arranged for. 

The head is generally measured in a stilling well. Obviously, 
no density correction will be required so long as a hook gage is 
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= kinematic viscosity, em?/sec 


g = acceleration due to gravity (32.174 standard), ft per sec per 


sec 

Q = quantity-rate of flow, cu ft per min 
C = coefficient 

n = exponent of viscosity correction 

p = density of liquid (grams mass), g per cu cm or lb per cu ft 


= surface tension (grams mass), based on dynes per centimeter 


=> 
used and the liquid has the same temperature in the well as in aw length, g/sec?. 


the main flow stream. 
will be slightly affected by the density of the liquid in which it 
floats. Ordinarily, for hot-water measurement, the well is set 
so as to be at about the atmospheric temperature. In this case, 
the pipe connecting the weir box with the well should be prac- 
tically horizontal and of sufficient length to cool the water therein 
to the well temperature in spite of normal variations of the 
operating rate. This connecting pipe should lie only slightly 
below the vertex of the weir to minimize the effect of temperature 
changes. These notes are only incidental to the present treat- 
ment which is concerned chiefly with the viscosity correction for 
hot water. Similarly, since only elementary mathematics is 
involved, a number of intermediate steps have been omitted in 
the interest of conciseness. 

Considerable literature presenting the theory and coefficients 
for this metering means exists. This literature has been freely 
drawn upon for the purposes of the present paper, especially as 
noted in the appended references. It is hoped, however, that 
the simple physical correlations between phenomena and equa- 
tions followed herein will give a clear picture and a useful one 


to the engineer who does not specialize in this subject. 
| 
NOMENCLATURE 


1 = width of weir stream, in. 
h = head on weir, above vertex, in. 
v = velocity, fps a 


If a float be used, its depth of immersion © 
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uncertainties. 

6 Schoder and Turner, ‘Precise Weir Measurements,” A.S.C.E. 
Trans., vol. 93, 1929; includes discussions by Lindquist and Pardoe 
giving dimensional analysis and V-notch-weir data, respectively; 
also includes considerable discussion. 

7 M. P. O’Brien, ‘Least Error in V-Notch-Weir Measurements 
When Angle is 90 Degrees’’ (for a given error of angle). Engineering 
News-Record, vol. 98 (1927), p. 1030. 

8 F. W. Greve, ‘Calibration of Sixteen Triangular Weirs at 
Purdue University,’ Engineering News-Record, vol. 105 (1930), pp. 
166-167; refers to weir tests in progress on water, oils, and sugar 
solutions. 

9 L. H. Kessler, “Study of Flow Over Triangular, or V-Notch, 
Weirs,”’ Engineering Experiment Station, University of Wisconsin, 
Project No. H-15. 
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| ‘This paper records in graphical form the results obtained 
in calibrating several rounded-approach orifices with 
water and oil. It also describes the arrangement of the 
apparatus and the method of procedure followed in 
making the tests. 


URING an investigation on heat transfer performed at 
Dunbar Laboratory of Harvard Engineering School, it 
was found necessary to calibrate a few rounded-approach 
orifices for oil and for water. Since the data obtained are of 
interest to any one engaged in flow problems, the results are 
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Calibration of Rounded- 


as shown in Fig. 1 the impact tube was so placed that the dis- 
tance from the center of the opening to the wall was 0.15 times 
the pipe diameter as recommended by S. A. Moss.? Other 
details of the impact-tube arrangement are as shown in Fig. 2 

The static pressure was obtained from an opening in the 
straight part of the orifice. 

Three orifices with throat diameters of 0.5035 in., 0.250 in., 
and 0.1250 in. were tested with oil and a similar orifice, with a 
diameter 0.250 in. was tested with water as the flowing medium. 

Method of Operation. Oil was circulated through the system 
at the required temperature until conditions were constant. 


For Oairice 0.2500 


0.125" 


6+ &'2 


LABORATORY Set-Up anp Dzsien Detans 
or ORIFICES 


Fie. 1 


Quick opening valves were then changed and the 
oil directed to a weighing tank for a definite time 
checked with a stop watch. Since the change in 
direction of the oil made a slight change in pressure 
drop through the orifice as recorded by the ma- 
nometer, time was allowed for the columns to come 
to equilibrium before readings were taken. The 


given here in graphical form. The design details of the orifices 
which were of bronze and constructed so as to be interchangeable 
are shown in Fig. 1. In the laboratory set-up of the apparatus 


1 Instructor in mechanical engineering, Harvard Engineering 
School. Assoc-Mem. A.S.M.E. Dr. Smith was formerly employed 
by the Albion Motor Car Co., Ltd., of Glasgow. He was graduated 
from the Royal Technical College and from Glasgow University in 
1923, and then came to the United States, where for one year he 
was engaged in machine and tool designing. He served as assistant 
professor of experimental engineering at the Georgia School of Tech- 
nology for two years; as assistant professor of engineering drawing 
at Virginia Polytechnic Institute for two years; and as assistant in 
mechanical engineering for two years, research fellow for two years, 
and instructor in mechanical engineering for two years in the Harvard 
Engineering School. He received the degrees of 8.M. and 8.D. 
from Harvard University in 1930 and 1933, respectively, 


coefficient of the orifice, c, which was obtained 
from v = c V 2gk, was plotted against Reynolds’ 
number, R, for the straight section of the orifice. 
This process was repeated for the other orifices. 
Results. It was found that for the two medium-size orifices 
(one for oil and one for water) the two curves obtained relating 
c and R were continuations of one another, as would be expected 


2? Sanford A. Moss, ‘““Measurement of Flow of Air and Gas With 
Nozzles,’’ A.S.M.E. Trans., vol. 49-50, 1928-1929, paper APM-50-3. 

Contributed by the A.S.M.E. Special Research Committee on 
Fluid Meters for presentation at the Annual Meeting, New York, 
N. Y., December 3 to 7, 1934, of Toe American Society oF Mg- 
CHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1935, for publication in a later issue of 
Transactions. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of — authors, and not those 
of the Society. ‘mr, 
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os y from dimensional considerations. The coefficients for the large 

oil orifice were about 0.5 per cent higher than those for the 
medium-size oil orifice of the same Reynolds’ number. The 
calibration curves for these three orifices are shown in Fig. 3. 
A separate curve, Fig. 4, is shown for the smallest oil orifice, 
inasmuch as it crosses the other two. 

An interesting characteristic of the medium-size oil orifice 
calibration curve is that it contains a loop in the critical region 
as determined by R at the straight section of the orifice. Most 
of the points were obtained in the upper part of the closed 
curve, but the lower points were checked at least twice. Al- 
though the difference in the two sections of the loop is quite 


TABLE 1 OIL PROPERTIES 


Temperature, Density, Viscosity, 
Cc lb per cu ft centipoises 


pronounced, it should be noticed that the maximum difference 
between the two is less than 1.8 per cent. 
This particular section should be avoided, of course, if accurate 
oti tiinaii tiles coefficients are desired, since the lower side of the loop is not 


x 


} + . ordinarily reproducible. There is a slight possibility that in 


this region the oil may not be absolutely uniform in temperature, 

in which case the reason for the dip would be obvious. Tem- 

peratures were obtained by means of copper-constantan thermo- 

couples, and were read to one-fortieth of one degree C 

. 2 ARRANGEMENT oF Impact TUBE ~ ae Since the medium-size orifices for both water and oil give the 
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same curve, it is reasonable to expect that this same curve would 
hold for similar orifices for other liquids with properties not too 
far removed from those of the liquids used. Indeed, the curves 
may possibly be good for any fluid. 

The pertinent properties of the oil tested are given in Table 1. 

The density of water was taken from Marks and Davis,’ and 
the viscosity of water from Bingham and Jackson.‘ 

It should be borne in mind that, for a given orifice, the Rey- 


dv w 
nolds’ number R = “? = constant X -, where w = weight 
2 


of fluid flowing in lb per sec. The constant is not dimensionless, 
however. 

Use of Chart. A trial and error method has to be used to 
get correct coefficients. The difference in pressure head between 
the two legs of the manometer is converted into feet of fluid 


flowing through the orifice. A guess is made as to what ¢c might 


be, and a value of v found from v = eV 2gh. With this value of 
v, the Reynolds’ number for the orifice is calculated and a better 


3 Marks and Davis Steam Tables, Longmans, Green and Co., 1925. 
4 Bingham and Jackson, Handbook of Chem. and Phys., Hodgman 
and Lange, Chemical Rubber Publishing Co., 13th edition, 1928. 


Reynoios’ Numeer , = R= (For Straiaut Section of THroar) 


Fie. 4 Cavipration Curve FoR SMALL Or ORIFICE 
(Throat diameter = 0.1250 in.) 


value of ‘‘c’’ is thus obtained. The process is repeated until 
two successive values of c check. This may appear tedious 
but, actually, it is not. Usually the second attempt gives the 
correct value of c. This will be obvious on inspection of the 
chart as an error of 10 per cent in the first guess of c will yield 
an error in R of the same amount; but an error of 10 per cent 
in R, for a value near 4000, results in a change in c of only 0.4 
per cent, approximately. Thus most of the error is eliminated 
in this first calculation. 


NOMENCLATURE 
Symbol Unit Designation 
c None Orifice coefficient 
d t Diameter of straight section of orifice 
g Ft/sec? Acceleration due to gravity 
h Ft Head of fluid flowing (not measurable 
directly at manometer) 
R None Reynolds’ number for straight section 
of orifice = dup/z 
v Ft/see Velocity of fluid in straight section of 
orifice 
w Lb/sec Rate of flow of fluid 
Lb/sec/ft Viscosity of fluid at orifice 
p Lb/cu ft Density of fluid at orifice 
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A New Theory for the Buc ling of Thin 
Cylinders Under Axial Compression 


. DONNELL,? 


> 


Br L. 


The results of experiments on axial loading of cylindrical 
shells (thin enough to buckle below the elastic limit and 
too short to buckle as Euler columns) are not in good agree- 
ment with previous theories, which have been based on the 
assumptions of perfect initial shape and infinitesimal de- 
flections. Experimental failure stresses range from 0.6 
to 0.15 of the theoretical. The discrepancy is apparently 
considerably greater for brass and mild-steel specimens 
than for duralumin and increases with the radius-thick- 
ness ratio. There is an equally great discrepancy between 
observed and predicted shapes of buckling deflections. 

In this paper an approximate large-deflection theory is 
developed, which permits initial eccentricities or devia- 
tions from cylindrical shape to be considered. 
stability is, of course, impossible under such conditions; 
the stress distribution is no longer uniform, and it is 
assumed that final failure takes place when the maximum 
stress reaches the yield point. The effect of initial eccen- 
tricities and of large deflections is much greater than for 
the case of simple struts. Measurements of initial ec- 
centricities in actual cylinders have not been made; how- 
ever, it is shown that most of these discrepancies can be 
explained if the initial deviations from cylindrical form are 
assumed to be resolved into a double harmonic series, and 


True in- 


SyMBoLs UsEep 


E, u, oy = the modulus of elasticity, Poisson’s ratio, and yield- 
point stress of the material 

o = average compressive stress in the axial direction, produced 
by the external load 

r, ¢ = mean radius and wall thickness of cylinder 

x, 8 = axial and circumferential coordinates 

u, v, w = axial, circumferential, and radial displacements of 
the middle surface of the wall as shown in Fig. 10. 

Ui, W, = the initial radial displacement considered, and the 


! The experimental work and much of the theoretical work were 
carried out in the Guggenheim Aeronautical Laboratory of the Cali- 
fornia Institute of Technology. Presented at the Fourth Interna- 
tional Congress for Applied Mechanics, Cambridge, England, 1934. 

? Goodyear-Zeppelin Corporation, Akron, Ohio. Mem. A.S.M.E. 
Dr. Donnell was graduated from the mechanical-engineering course 
of the University of Michigan, 1915, and received the degree of Ph.D. 
in mechanics from the same university in 1930. He had automo- 
bile engineering experience from 1915 to 1922. He was instructor 
and assistant professor of engineering mechanics at the Univer- 
sity of Michigan from 1923 to 1930. He was in charge of the struc- 
tures laboratory, Guggenheim Aeronautical Laboratory, California 
Institute of Technology, 1930-1933. 

Contributed by the Aeronautics Division for presentation at the 
Annual Meeting, New York, N. Y., December 3 to 7, 1934, of Tue 
AMERICAN SocieTy OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1935, for publication in a later issue of Transactions. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
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if certain reasonable assumptions are made as to the mag- 
nitudes of these components of the deviations. With 
these assumptions the failing stress is found to be a func- 
tion of the yield point as well as of the modulus of elastic- 
ity and the radius-thickness ratio. On the basis of this 
a tentative design formula [5] is proposed, which involves 
relations suggested by the theory but is based on experi- 
mental data. 

It is shown that similar discrepancies between experi- 
ments and previous theories on the buckling of thin cylin- 
ders in pure bending can be reasonably explained on the 
same basis, and that the maximum bending stress can 
be taken as about 1.4 times the values given by Equation 
[5]. It is also shown that puzzling features in many other 
buckling problems can probably be explained by similar 
considerations, and it is hoped that this discussion may 
help to open a new field in the study of buckling problems. 
The large-deflection theory developed in the paper should 
be useful in exploring this field, and may be used in other 
applications as well. 

The paper presents the results of about a hundred new 
tests of thin cylinders in axial compression and bending, 
which, together with numerous tests by Lundquist,* form 
the experimental evidence for the conclusions arrived at. 


radial displacement under load (w = w;— w,; is the movement due 
to the load) 
W, W, = numbers proportional to the amplitudes of w and w, 
f = astress function, defined by Equation [15] 


L:, Ls = wave-lengths of the deformation in the z and s 
directions 
€zs, Kz, Key = €Xtensional and flexural strains of the 


middle surface of the cylinder wall 

T:, T's, T zs, Gz, Gs, Ges = internal forces and moments per unit 
length of section as shown in Fig. 11 

a,n = constants having to do with the assumed shape of the 
initial displacement, defined by Equation [4] 

E = the internal strain energy due to the deformation 


= V12(1 — (~ 3.3 for engineering metals) > 
or 
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+ + Ww 


GENERAL Discussion OF PROBLEM AND RESULTS 


HIS paper applies to cylinders thin enough to buckle below 

the elastic limit, and too short to buckle first as Euler 

columns. Such cylinders, if carefully made and tested, 
buckle in small regular waves, as shown in Fig. 1. 


3N.A.C.A. Report No. 473. 
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In all the experiments cited in this paper the ends of the cylin- 
ders were clamped or fixed in some way. This stabilized the wall 
of the cylinder near the ends to such an extent that buckling 
always started at some distance from the ends. When cylinders 
are tested free-ended, eccentricity of loading and other local condi- 
tions at the ends are likely to obtain. Hence, buckling failure 
may take place at the ends at a lower load than would be required 
to buckle the main part of the cylinder. Such local effects are 
not important in most practical applications (as the ends are 


usually fastened with some degree of fixity) and will not be con-— 


sidered in this paper. 

As is evident from the illustrations, the buckling waves ob- 
served in experiments are comparatively small. In most cases 
there were about ten waves around the circumference, and the 
wave-length in the axial direction was invariably of about the 
same size as in the circumferential direction. This immediately 
suggests that the length of the cylinder should have little effect on 
its buckling load unless it is very short (with a length less than 
one or two wave-lengths). This conclusion is entirely borne out by 
the tests. No correlation could be observed between the length 
and strength, although many series of cylinders, identical except 
for length, were tested. In a great many cases buckling occurred 
over only a comparatively small part of the length, the rest of 
the cylinder remaining entirely unbuckled. It is evident from 
these facts that, except for very short cylinders, the exact degree 
of end fixity (provided it is sufficient to insure against local weak- 
ness as already mentioned) can have little effect on the buckling 
strength, as different degrees of end fixity are roughly equivalent 
to different effective lengths. It will be assumed in this paper 
that the cylinders are long enough so that length and end condi- 
tions can be neglected. (The tests indicate that they can be ne- 
glected even when the eapemen ratio is considerably less 
than one.) 
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It is shown in Appendix 1 that, if length and end conditions 
are neglected, a theory based on the assumption of infinitesimal 
deflections and perfect initial shape leads to theoretical values for 
the buckling stress under axial load, and the wave-length of the 
buckling deflection given by the following: 


(X +S)? 1 
= 

These results were obtained by Robertson‘ by a simplification of 
equations obtained by Southwell. The same results can be ob- 
tained by neglecting items which experiments show to be negli- 
gible in a still more complete solution obtained by Timoshenko.$ 
In Appendix 1 a much shorter derivation is given, based on simpli- 
fied equilibrium equations developed by the author.6 The same 
results can also be obtained by energy considerations. 

In Fig. 2 this theoretical value of P is compared with the 
values of P given by some hundred tests made by the author and 
by Lundquist. Numerous striking discrepancies will be noted: 

(a) There is a great scattering of the experimental points. 

(b) All the experimental values of P, and therefore of the 
buckling stress ¢, are very much lower than the theoretical 
value. 


Authors Tests 
Brass 


x Dural, Lundquists Tests 


500 


Fic. 2 CoMpaRISON OF EXPERIMENTAL STRENGTHS OF THIN CYLIN- 
DERS UNDER AXIAL COMPRESSION WITH CLASSICAL THEORY 


(c) Instead of being constant, the experimental values of P 
show a very decided tendency to become smaller with increasing 
r/t. 

(d) The experiments made by the author, which were made on 
brass and steel specimens, give consistently lower values of P 
than those made by Lundquist, which were made with duralumin 
specimens. 

As to the shape of the buckling deflections, a first discrepancy is 
that in all experiments the wave-lengths in the axial and circum- 
ferential directions are consistently nearly equal, which would 
require that X = S, whereas Equation [2] requires no definite 
relation between X and S but only that (X + S)?/X have a 
definite value. Thus [2] would be satisfied, for instance, if 


4R. & M. No. 1185, British A.R.C., 1929. 
5S. Timoshenko, ‘“‘Theory of Elasticity,” 1914 (in Russian), p 
392. 
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S = 0, X = 1, in which case [1] and [2] reduce to the “sym- 
metrical’? theory for the buckling of cylinders under axial com- 
pression.” 
If we assume that X = S, as indicated by the tests, [2] gives 


X=S 


Fig. 3 shows this value compared with the values found from the 
experiments. It will be seen that again there is great scattering, 
but that the experimental values of X or S are consistently much 
smaller than the theoretical; that is, the experimental wave- 
lengths are much larger than the theoreticat- 

Attempts to explain these discrepancies have not been very 
satisfactory. The author believes that there is nothing incorrect 
in the classical analysis described, but that the assumption it 
makes that there are no initial deviations from true cylindrical 
shape (or unevennesses in the physical properties of the material 
or other imperfections—for the purposes of our discussion these 
can be assumed to be replaced by equivalent deviations from 
perfect shape) is not permissible in this case, at least for ordinary 
test specimens or ordinary practical applications. Theories neg- 
lecting initial inaccuracies, which are, of course, always present 
to some extent, give good approximations in other buckling prob- 
lems, but these inaccuracies seem to be much more important in 
this case. 

It is easy to explain why this is so. When a developable sur- 
face, such as a flat or a cylindrical surface, is deformed to a non- 
developable surface, there are produced (besides the flexural and 
stretching strains due to change of radius, which are considered in 
usual theories) strains which might be called “large-deflection 
strains,” that result from stretching and compressing the develop- 
able shape into a non-developable one. These are of more im- 
portance than is commonly realized. In the bending of a strut a 
large-deflection theory is not needed unless the deflections are 
of the order of magnitude of the length of the strut, and as such 
deflections are of little practical interest, large-deflection theories 
have received little attention. But the aforementioned “large- 
deflection strains’ in sheets become of importance in general 
when the deflections are of the order of magnitude of the thick- 
ness of the sheet. 

For the very thin cylindrical shells which are under considera- 
tion (especially those rolled up from sheets, as were the speci- 
mens in the tests, and as is the case in all common applications), 
the initial deviations from cylindrical form are already of this 
order of magnitude. When the compressive load is applied these 
initial displacements are, of course, increased. The stresses due 
to the “large-deflection strains” accompanying this movement in- 
crease very rapidly, and combined with the direct compressive 
stress and the other stresses commonly considered, reach the 
yield point of the material at certain points long before the load 
has risen to the value given by Equation [1]. Beyond this point 
it is evident that the resistance of the cylinder will rapidly fall, 
so that complete failure must take place soon afterward. 

It may be argued that the same effect must take place in the 
buckling of flat panels, and that, in this case, the ultimate 
failure is far above that given by the usual stability theory. This 
is true, but it does not invalidate the explanation given. There 
is nothing surprising in the fact that in one case the ultimate 
load—reached soon after the most highly stressed material passes 
the yield point—comes well above the classical stability limit, while 
in the other case it comes well below. In the case of a thin flat 
panel the stability limit itself is very low; the load at which 
the combination of common and “large-deflection stresses” 
reaches the yield point (at the edges of the panel) is much higher, 
and the panel can go through the stability limit without complete 


7S. Timoshenko, Zeitschrift fir Mathematik und Physik, vol. 58, 
1910. 
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failure, because of the artificial support given the edges. In the 
case of a cylinder the classical stability limit is comparatively 
very high, and the large-deflection stresses increase very fast ow- 
ing to the small size of the waves, so that failure is brought on by 
yielding at a lower load than is indicated by the classical theory. 
But the two cases are similar in principle, and a complete solution 
of the problem of the ultimate strength of flat panels can only 
be obtained by using large-deflection theory.* The simplified 
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Fie. 3 Comparison or Size oF BuckiING Waves as GIVEN BY 
TESTS AND BY CLASSICAL THEORY 


large-deflection theory developed in this paper should be useful 
in making such a study. The initial displacements are probably 
not important for this case, so that it should be possible to obtain 
a more definite result than in the problem of the present paper. 

In other buckling problems, such as the buckling of struts and 
the buckling of thin cylinders under torsion, initial displacements 
or other inaccuracies must also be present, and yet in these cases 
a reasonable check with experiments is obtained without con- 
sidering these questions. The explanation is that in these cases, 
as in the case of the flat panel, the classical stability limit is below 
the load at which the most highly stressed point would pass the 
yield point (because the large-deflection stresses are absent in the 
case of a strut, and they are less important in the case of torsion 
of a cylinder, as the buckling shape is more nearly a developable 
surface) and there is no artificial support which can carry some 
part of the structure through the general stability limit without 
failure, as is the case with the edges of flat panels. But there 
may be unexplored ranges of dimensions or materials where these 
questions are important, even in these cases. The author has 
noticed that in the buckling under torsion of very short cylinders, 
for which the buckling shape is further from a developable sur- 
face than it is for a long cylinder, the yield point is usually reached 
at about the theoretical stability limit. In this case the stiffen- 
ing effect of the large-deflection stresses (and in general such 
stresses must always have a stiffening effect, because the increase 
in internal energy due to them must be supplied by an increase 
in the external load) just about balances the opposite effect of the 
yielding of the material, so that yielding and deepening of the 
buckling deflections continue for a long time with little change in 


8 A very approximate solution for this problem has been given by 
von Karman. See “The Strength of Thin Plates in Compression,” 
A.S.M.E. Trans., vol. 54, 1932, paper APM-54-5. 
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the external load.® We evidently have here a third type of prob- 
lem in which these questions are important. It is thought that 
these few remarks, and the discussion of the case of the cylinder 
under axial compression, may help to clarify other points in the 
study of buckling problems, which hitherto have been puzzling. 

Let us now consider in more detail just what happens when a 
compressive load is applied to a thin sheet or strut having initial 
deviations from straightness in the direction of the compression. 
Consider first the simple case of a hinged-end strut of a certain 
size. If it has an initial displacement in the shape of a half sine 
wave, the amplitude of the displacement will be increased when 
a compressive load is applied. The ratio of increase will be small 
for small loads, but will become very great when the load ap- 
proaches the theoretical stability limit. If the initial displace- 
ment were in the shape of a full sine wave, the amplitude of this 
displacement would also increase when a compressive load is ap- 
plied. The ratio of increase would also be small for small loads 
and would increase as the load increases. It would become in- 
finite if the load could be raised to four times the theoretical sta- 
bility limit. Now imagine that the initial displacement is a com- 
bination of the two displacements mentioned. If the displace- 
ment is small, the action which takes place will be a superposition 
of the two actions just described. The rates of increase of the 
two components will be enormously different when the load is near 
the theoretical stability limit, but they will not be so very different 
when the load is small. 

Similar actions will take place in the case of a cylinder under 
axial compression. For convenience in discussing this question 
we may consider the total initial radial displacement from true 
cylindrical form to be made up of numerous component displace- 
ments, each of wave form (similar to the displacements shown in 
Fig. 1), but having different wave-lengths in the z, or s, or both 
directions. Now suppose that only one of these components of 
the displacement is present. As the compressive load is in- 
creased, the amplitude of this component will increase until, at 
some point of the wave, because of the combination of the direct 
stress (the average compressive stress in the axial direction re- 
sulting from the load) with the other stresses produced by the 
deformation, the yield point of the material is reached. Such 
yielding will occur simultaneously at corresponding points in 
each of the waves of the displacement all over the cylinder. 
When the load is increased beyond this point, it is obvious that 
the resistance to this form of displacement will be greatly lowered, 
and the displacement will increase very rapidly (with probably a 
falling resistance to the load, which would explain the sudden, 
explosive failure which always takes place in tests) until we have 
such a condition as is shown in Fig. 1. 

Now let us suppose that all the components of the displacement 
are present. When a compressive load is applied to the cylinder 
the amplitudes of all the components will tend to increase. 
Stresses will be produced due to each one of these components. 
(It is shown later that the components can be defined so that the 
question of interaction between them is of minor importance; 
in any case stress systems having the wave patterns of each of the 
components will be produced—this is all that is necessary for the 
following argument.) Combination of the stresses produced by 
several different components, together with the direct stress, may 
cause yielding at certain points in the cylinder before yielding 
due to any single component, such as described in the last para- 
graph, takes place. But, due to the different wave-lengths of the 
different components, such yielding because of combinations of 
components will be local. It will not occur simultaneously at cor- 
responding points in each of the waves of one of the components, 
as described before, and hence it will not produce a great weaken- 
ing in the resistance to any one of the components. 

9 N.A.C.A. Report No. 479, p. 12. 
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This probably explains another puzzling experimental fact, 
noted by Lundquist,!° which the author corroborates, that local 
buckling frequently occurs somewhere in the cylinder without pre- 
cipitating complete failure, as the load can continue to increase 
without any general buckling until complete failure takes place 
suddenly over a large part of the cylinder at the load which 
would be expected if no preliminary buckling had taken place. 

lt now seems evident that final failure will, in general, take 
place when the stresses due to one of the components of the initial 
displacement (combined with the direct stress) reach the yield 
point. The component which produces final failure (and which 
evidently has the same wave-lengths as the final failure, Fig. 1) 
is thus the one which causes yielding to take place at the lowest 
value of the external load. We can determine the characteristics 
of this component from this fact by using minimum principles 
or their equivalent. 

We would naturally expect that the component having wave- 
lengths as given by Equation [2] or [3] would cause this yielding, 
and hence final failure, sooner than any other component, as 
its amplitude will certainly increase faster than that of any other 
component, as the load is increased. But, as noted before, the 
tests indicate that the component actually causing failure always 
has a considerably longer wave-length than this. A reasonable 
explanation for this is that the initial amplitudes of the different 
components are not equal. It is certainly natural to suppose that 
the components of the initial radial displacements which have 
longer wave-lengths will, in general, have larger amplitudes as 
well. Hence, failure may be precipitated by a component with 
a longer wave-length than [3], rather than by the component with 
this wave-length, because the first has a much greater initial 
amplitude, in spite of the fact that the amplitude of the second 
increases faster, and in spite of the fact, also, that the stresses 
produced by the deformation decrease as the wave-length in- 
creases. The calculations given later in this paper show that 
this is easily possible. In this connection it should be remem- 
bered that failure takes place at only a fraction of the theoretical 
stability limit given by [1], at which time the component with 
wave-length [3] does not increase so very much faster than its 
rival components. 

We have been speaking of “‘components’”’ of the initial displace- 
ment of the cylinder without being very definite as to their shape. 
Actually this is, of course, as stated in the beginning, only a con- 
venient concept for the purposes of the previous discussion. To 
put the question on a definite basis, actual measurements should 
be made of the initial displacements in many specimens. The 
author has not had the opportunity of making such measure- 
ments and has no data of this sort from other sources. In the 
absence of such data the only thing that can be done is to dis- 
cover if there is a possibility of explaining the experimental 
facts on the basis of reasonable assumptions as to the initial dis- 
placement. 

The initial displacement, whatever it may be, can be analyzed 
into a double harmonic series. When an external compressive 
load is applied, all the terms of the series will, in general, tend to 
increase in amplitude. But their effects will not be independent, 
as with similar harmonic terms in the case of a strut. It can be 
said with confidence that, in most cases, the action of one term 
will be nearly independent of the action of another, that is, the 
combined effect will be nearly the same as the sum of their effects 
when present separately, but that there will probably be certain 
groups of terms whose action will decidedly not be independent. 
These will be groups of terms which, taken together, form a shape 
which it is “easier” for the cylinder wall to deflect to than a single 
pure harmonic shape. We would expect such groups to consist of 
a primary term, which determines the wave-lengths of the group, 
1 N.A.C.A. Report No. 473, pp. 5 and 14. 
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and higher harmonics, which modify the shape of the primary 
term to an “easier’’ shape; or combinations of such terms with a 
secondary term or terms which enable some of the large-deflection 
stresses to be annulled by stresses due to change of radius. (We 
shall use such a term in the calculations given later.) 

Each of the “components” of the initial displacement in the 
previous discussion can be considered to represent one of these 
groups of harmonic terms. Since we try to include in each group 
all the terms whose actions greatly affect each other, and since 
it has been shown previously that it is not important to con- 
sider combinations of the stresses due to different groups, it seems 
that we shall make no very great error if we consider only one of 
the groups and neglect the effect of all the others. The one we 
consider will of course be the one which precipitates failure, 
chosen by the condition that it gives the lowest final failure load. 
Any conclusions which we draw from this calculation will be on 
the conservative side, because the chief contention to be made is 
that the low failure load found in experiments can be explained 
by reasonable initial displacements, and any parts of the initial 
displacement which we neglect could hardly have had any other 
effect than to reduce the calculated failure load. 

In the calculations, which are given in detail in Appendix 2, 
it is assumed that the initial displacement and the final displace- 
ment, and hence also the movement, are of the same geometrical 
shape. The assumed shape of displacement consists of a pri- 
mary term taken as a harmonic function of z and s, with the 
wave-lengths L: and L., and the amplitude W,t/e or Wt/c (for 
the initial displacement and the movement), and one secondary 
term designed to annul as much as possible of the large-deflection 
stresses with stresses due to change of radius. Fig. 12a shows the 
primary term. It is evident that at p— p the material is on the 
average circumferentially stretched, while the material at g — q 
is on the average circumferentially compressed, to have equili- 
brium in the circumferential direction. By superposing the 
symmetrical deformation shown at Fig. 126 of the proper ampli- 
tude, we annul this average circumferential stretching and com- 
pressing, and although we introduce a certain amount of bending 
in the longitudinal direction, the total internal energy is con- 
siderably reduced, that is, the addition of the symmetrical term 
makes it a much “easier” form. The use of this term simplifies 
the calculations, and trial shows it to be very effective in reducing 
the final failure load. Without it, it is impossible to explain at 
all the low values of failure loads found in experiments. It is, 
of course, quite probable that a refinement in the magnitude of 
this term, or the addition of other terms, would be found to 
be still more effective in reducing the final failure load. No at- 
tempt has been made to make such refinements because of the 
complexity it would involve. 

As to our justification for assuming that the initial displacement 
and the movement will have the shape assumed, there is no doubt 
that the movement will take this shape, or a still “easier” one, if 
possible. And in neglecting possible refinements in the shape, the 
conclusions which we draw from the calculation will be on the 
conservative side for the same reasons as were given in a previous 
case. The amplitude of the secondary term is proportional to 
W?, that is, it is a second-order term, and its absolute magnitude, 
as given by the calculations, is always very small compared to 
the primary term, so that its presence would not be noticeable in 
tests. 

Of course we have no right to assume that the two terms are 
present in the actual initial displacement with the relative magni- 
tudes which we have assumed, although it is possible that the 
action of curving flat sheet into cylinders tends to bring this about. 
But the effective magnitude of the whole group will be some kind 
of average determined by the magnitudes of the terms actu- 
ally present, and the assumption that the calculated proportions 
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are actually present should be sufficient for our purpose—to see 
if the required magnitudes are reasonable. It might be empha- 
sized here that it is not expected that the assumptions made 
as to the nature of the initial displacements are anywhere near 
exact. It is only necessary, for our contention, that they repre- 
sent average tendencies—the great observed scattering in the 
experimental results explains the wide deviations from the as- 
sumptions which must be expected. 

In setting up the theory, a combination of the equilibrium and 
ener sis used. Expressions for the extensional and 
flexural strains of the middle surface of the wall are first set up 
by adding terms describing the large-deflection strains to the 
usual expressions. Using the usual relations between the internal 
forces and the strains, the equilibrium equations of the elements 
of the cylinder wall in the axial and circumferential direction are 
set up, the same as in small-deflection theory. These enable a 
“stress function” to be used, and it is then possible to derive, 
first, a relation between the stress function and the radial dis- 
placement; and second, an expression for the internal elastic 
energy in terms of these two variables and the properties of the 
cylinder. If, now, we assume an expression for the radial dis- 
placement, we can obtain the corresponding expression for the 
stress function from the first relation, and with the aid of the 
second expression and the principle of virtual work we can ob- 
tain the external compressive load required to produce the dis- 
placement. Using the expression for the displacement already 
described, we obtain P (defining the external load) as a function 
of X, S, Wi, and W. 

With the assumed displacement and the expressions previously 
found for the internal forces, we now set up the condition for yield- 
ing at any point of the displacement wave by the maximum-shear- 
energy theory. With this expression it would be possible to 
determine the exact point in the wave at which yielding first 
takes place, by maximum-minimum principles. This would 
be a very complicated calculation, however, so instead it is as- 
sumed that yielding first takes place at the nodes of the waves, 
where trial indicates that the stress condition is at least approxi- 
mately as severe as anywhere. With this assumption we ob- 
tain P,( ) a8 a funetion of X, 8, Wi, and W. 

If, now, we knew the actual value of W:, we could eliminate W 
between the two relations and obtain P as a function of P,, X, and 
S. We could then, by trial or by using minimum theory, de- 
termine the X and S which make P a minimum (which means 
determining that ‘‘component” of the deflection which precipi- 
tates failure, as we previously decided to do), and thus find P 
as a function of P,, which means finding o as a function of the 
properties of the cylinder E, r/t, and E/cay. 

As we do not know W,,-we shall do the reverse of this and deter- 
mine the magnitude of W:, which, by the above process, gives 
values of P as low as shown by the experiments, and then see if 
this value of W, is reasonable. However, although we do not 
know the absolute magnitude of W, we can say something as to 
its probable variation—or the probable “average tendencies” 
of its variation—with t, L:, Ls, etc. Thus for the flat sheets from 
which cylinders are made we can certainly expect the initial dis- 
placement to decrease with increasing thickness and that com- 
ponents of the displacement of shorter wave-length will have 
smaller magnitudes. Thus in Fig. 13 we would not expect two 
sheets rolled by the same method, one thin and one thick, to 
have components of displacement of like wave-length with the 
same amplitudes, as at a and b, but would rather expect the ampli- 
tude to be smaller in the thicker sheet, as atc. And in Fig. 14 we 
would not expect components of different wave-length in the same 
sheet to have the same amplitude, as in a and b, but would expect 
a smaller amplitude for a shorter wave-length as at c. 
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(The theoretical value X or S could not be determined very exactly without a great deal of labor. 


It is thus reasonable to expect that for the flat sheets W; would 
vary more or less as given by the equation 


where a and n are non-dimensional quantities more or less con- 
stant for sheets rolled by the same process. 

The process of curving the sheet into cylinders will certainly 
change this expression for W, considerably, and doubtless intro- 
duce the quantity r into it. The nature of the change is some- 
thing which could doubtless be analyzed, but a satisfactory analy- 
sis is a difficult problem in itself. An attempt was made to make 
a rough analysis, but the attempt was abandoned as it was felt 
that such results were very likely to be misleading. In the ab- 
sence of a satisfactory solution, it was felt that much could still 
be learned by using [4] as it stands, as the argument on which it 
is based, already given, certainly holds for curved sheets as well 
as flat. Some discussion is given later of possible changes due to 
the process of curving the sheet. This question has no effect 
on the main contention of this paper, that the very low failure 
loads found in tests can be explained by reasonably small initial 
displacements. 

A principal effect of curving the sheet into cylinders will prob- 
ably be to upset the symmetry of expression [4] with respect 
toLzandL.. This will greatly affect the ratio between the values 
of Lz and L, given by the theory. Without some knowledge of 
the nature of this effect it is useless to try to see if the theory will 
explain the fact that L: and L, are nearly equal in tests. Hence, 
the equality of Lz and L, (and so of X and S) was assumed, to see 
if the other results of tests could be explained. 

Using the expressions for P and Py, already mentioned with 
{4], we find P as a function of E/coy, r/t, X (or S),n,anda. As 
expected, it is found that the value of X (or S) which makes P 
& minimum depends on the value of n. It is found that we get 
about the value of X shown by tests if n is 5/4, which is certainly 
a reasonable value. To bring P down to the level of the test 
values, a has to be about 1.1 X 10-5. Using these values of n, 
X, and a, we obtain P as a function of E/coy and r/t. 

The value of E/coy for the duralumin specimens tested by Lund- 
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be about 165 for both the steel and the brass specimens tested by 
the author. For each of these values of E/coy we obtain P 
as a function of r/t. In Fig. 4a the corresponding values of P 
and r/t so obtained have been plotted, and the resulting curves 
can be compared with the experimental points for the same values 
of E/coy. It will be seen that the accordance is excellent, the 
theoretical curves showing nearly the same downward slope with 
increase of r/t, and decrease of P with increasing E/coy, as shown 
by the test results. In Fig. 4b the value of X or S corresponding 
to these results is compared with the test results. 

Fig. 5 shows the values of W,t/c, and the values of Wt/c at which 
failure starts, as given by the calculations. The values found for 
Wt/c, giving the magnitude of the movement under load up to the 
time that failure starts, are very small, which corresponds to the 
test experience that no general buckling can be noticed by eye up 
to the instant of the sudden failure. The values found for W,t/c, 
which indicate the magnitude of the initial displacement which 
must be assumed to explain the low test failure loads, do not seem 
particularly excessive. They increase with the radius-thickness 
ratio, as common observation indicates they should, although this 
increase is due to the selection of a component with a longer wave- 
length, rather than any effect on the initial displacement by the 
curving of the sheet. Of course, these values represent only a 
part of the total initial displacement, but probably in practise 
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quite a large part; the fact that failure can apparently take place 
over only a part of the cylinder wall about as easily as over it all, 
as indicated by the tests, means that it is not necessary for the 
component most favorable to failure to be large or even to be 
present all over the cylinder wall, but failure can take place 
wherever, by accident, it happens to be large over a considerable 
portion of the wall. If measurements finally show that initial 
displacements are actually not as large as the theory calls for, then 
the relative crudity of the calculations is probably to blame. It 
will be remembered that most of the simplifications were on the 
conservative side in this respect. Since the crude secondary term 
used in the displacement had such an enormous effect in reducing 
the calculated values of P for a given value of W; (or reducing the 
value of W, for a given value of P), it is probable that further re- 
finement would have an important effect in the same direction. 

There is not much likelihood that the result obtained of check- 
ing the experimentally indicated decrease of P with increase of 
r/t and of E/coy is accidental and due only to the particular as- 
sumptions made. The author has tried many combinations and 
finds that any reasonable assumption regarding the initial dis- 
placement seems to result in the same general tendency. ‘Thus, 
varying the value of n in [4] has little effect on the results except 
to change the value of X or S which gives the minimum P. One 
effect of curving flat sheets into cylinders is probably to reduce the 
size of initial unevennesses, so that we might expect some power 
of r/t in the numerator of [4], after this effect has been allowed 
for. Such an addition has also been tried, and it is found that 
we still get about the same reduction of P with increase of E/cey, 
and, as might be expected, still greater reduction of P with in- 
crease of r/t, a greater reduction than is indicated by experi- 
ments. However, the unknown effect of bending the sheets on 
the relation of W, to the wave-lengths may easily counterbalance 
this. 

It is obvious that our assumptions as to the initial displace- 
ments, and to a less extent the calculations themséIves, are at 
best gnl imations—a fact which may be excused by 
the newness and difficulty of the problem. Much work, both 
theoretical and experimental, must be done before the question 
can be considered as settled. Other factors may enter the prob- 
lem besides those which have been discussed. When this paper 
was presented recently at the Fourth International Congress of 
Applied Mechanics, Prof. R. V. Southwell made a very interesting 
suggestion. When a cylinder is compressed, the axial shortening 
is accompanied by a circumferential expansion. This expansion 
is largely prevented at the ends, where the cylinders are attached 
to something else, and this holding-in of the ends relative to 
the rest of the cylinder produces (since axial elements of the cylin- 
der wall are in the condition of a beam on an elastic foundation) 
a symmetrical displacement, similar to that shown at Fig. 12b 
except that the amplitude is a maximum at the ends and damps 
out as we go toward the center. Calculations show that the 
wave-length of this displacement is the same as required for the 
secondary term of our assumed displacement when X or S is 
about 0.13. This value of X or S is about half that given by 
the classical stability theory, but is still not as small as the aver- 
age of the tests calls for. This phenomenon undoubtedly takes 
some part in the buckling action but how important a part it 
takes is still to be determined. It is an experimental fact that 
when the buckling occurs over only a part of the length of the 
cylinder it usually occurs very near the end, where this displace- 
ment isa maximum. (We could not expect the buckling to occur 
still closer to the ends, om account of the fixity there.) Some of 
the photographs given show this. It is possible that this phe- 
nomenon may eliminate the necessity for some of the assump- 
tions which have been proposed. 

In spite of the roughness of the calculations, it is believed that 
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the most important factors have been taken into consideration 
and that the results, while they do not prove that the discrepan- 
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cies between the experiments and the classical theory are to be is 
explained in the general manner indicated, at least make this 7 
strongly probable. 
It is particularly believed that it has been demonstrated that : 
the dependence of P on r/t and E/coy, indicated by the tests, is 
not a mere accident, or explainable by variations in experimental ; 
technique. It therefore seems that this relation should be con- 
sidered in design formulas. The most important practical signifi- 
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cance of this relation is that some improvement in buckling 
strength can be allowed for if a material with a higher yield point 
is used, and vice versa. The following formula for the average 
failure stress 


has been found to describe the relations shown by the tests 
quite well, and to give reasonable values for the extreme condi- 
tions = 0, E/oy = andr/t = 0. It gives a negative re- 
sult when r/t is very large; in this case, which is far outside the 
practical range, o can be taken as zero without great error. 
Curves obtained from this formula are compared with the test 
results in Fig. 6. As stated, the formula is designed to give the 
average strengths to be expected, and if it is desired to know the 
minimum strength likely to be encountered under any circum- 
stances, some factor must be used with it; the value of the factor 
to be used under any given conditions can best be estimated from 
the test results shown in the figure. In the absence of anything 
better, this formula, with or without some factor, is recommended 
for design purposes. 

No theoretical work has been done on the allied problem of the 
buckling of thin cylinders under pure bending. The smallness 
of the buckling waves found for axial loading immediately sug- 
gested that buckling will take place on the compression side of 
the bending specimen in practically the same way as it does in 
an axially loaded specimen, and that any results found for axial 
loading would apply also to pure bending, with some factor to 
allow for the fact that the stress varies from zero to a maximum 
instead of being constant around the circumference. 
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Numerous bending tests on specimens similar to those tested 
in axial compression completely confirmed this opinion. Photo- 
graphs of typical specimens are shown in Fig. 7, while the results 
of the tests are plotted alongside the results obtained in axial 
compression, in Fig. 8. Buckling occurred over the compression 
side of the specimens in the same wave form, with approximately 
the same wave-lengths, as in the axially loaded specimens. It 
will be noticed from Fig. 8 that the results show exactly the 
same decrease of P with increase of r/t as shown by the axially 


Fig. 7 Typrcat Fattures oF THIN CYLINDERS IN PuRE BENDING 
loaded specimens. In computing P the value of o was taken as 
the maximum stress in bending, according to elementary theory. 
The values of P found are about 1.4 times the values found in 
axial-compression tests for all values of r/t. This is just about 
what would be expected, as it shows that general buckling takes 
place when the stress at a point in the cylinder wall about 45 deg 
to the neutral axis rises to the value which produces failure in a 
uniformly stressed specimen. 

An ingenious theory for the stability of thin cylinders in bend- 
ing has been advanced by Brazier.!! According to this, the elastic 
curvature produced in the initially straight cylinder produces 
the well-known phenomenon of the flattening of the cross-sections 
of curved tubes under bending. The cross-section becomes more 
and more oval until a point is reached at which the resistance to 
bending starts to decrease, after which, of course, complete col- 
lapse takes place. Serious objection can be made to the theoretical 
derivation given by Brazier in that small-deflection theory is used 
and is assumed to apply after the deflections become very large; 
that is, the small-order terms neglected in the derivation (which 
can be neglected when the deflections are very small) are, at the 
critical point, of the same magnitude as the terms considered. 
However, it is an undoubted fact that this type of failure does 
take place in comparatively thick tubes made of a material with 
a low modulus, such as rubber tubes and thick metal tubes 
stressed above the yield point. It would seem that Brazier’s 
type of failure and the small-wave type are more or less indepen- 
dent types of failure, and in an actual tube failure is produced 
by whichever type happens to occur first; that is, whichever type 
requires the least load. For thin metal tubes of the type con- 
sidered in this paper, failure of the small-wave type, the same as 
in axial compression, probably always occurs first. For design 
purposes it seems safe to say that the maximum bending stress 
given by the elementary bending formula can rise to about 1.4 
times the value given by [5] before buckling will, on the average, 
occur. * 


1 R. & M. No. 1081, British A.R.C. 1926. al 


THE EXPERIMENTS 


The results of the experiments have already been described. 
Detailed data are given in Tables 1 and 2 for the axial compression 
and pure bending tests respectively. The specimens were made 
in exactly the same way and tested on the same special testing 
machine (shown in Fig. 9) as the torsion specimens described in 
a previous paper by the author,® and the reader is referred to this 
paper for a detailed description of the testing machine and the 
technique of making the specimens. The axially loaded speci- 
mens were loaded through a very frictionless universal joint very 
carefully centered to insure against eccentricity. 

One fact, not previously mentioned, which was noticed in mak- 
ing the tests, is that no matter how quickly the loading was 
stopped after final failure took place it seemed impossible to 
reach as high a load on reloading as was reached the first time 
and this in spite of the fact that the average compressive stress 
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due to the load was in many cases 


TABLE 1 
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AXIAL COMPRESSION TESTS! 


only a small fraction of the yield 
point. This tends to bear out 
the contention that, even for very 
thin cylinders, the cause of final 
failure is the fact that at certain 
points, strategically located to 
weaken the cylinder for the type 
of failure involved, the local stress 
passes the yield point. 

Another short series of tests 
which was made, the data for 
which are given in Table 3, bears 
out the same contention. In this 
eight cylinders were tested in axial 
compression. The cylinders were 
identical except that instead of 
being bent to the proper radius be- 
fore making the joint, as was done 
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TABLE 2 PURE BENDING TESTS! 


with all the other specimens, some 
of them were bent to the proper 
radius, while others were sprung 
into shape from the flat sheet or 
from an entirely different radius. 
The results of these tests are shown 
in Fig. 15, in which the value of P 
obtained is plotted against the 
difference between the final and 
initial curvatures. It will be seen 
that the specimens with the high- 
est initial stresses, due to the 
springing, consistently gave the 
lowest values of P. To be sure, the variation of P is within 
the limits of the scattering observed in other tests, so that this 
variation could possibly be accidental. This seems hardly likely, 
however, in view of the number of the tests and the fact that 
two specimens of each kind were tested and the same tendency 
was exhibited by both specimens. The fact that all specimens 
were cut from the same roll of material probably reduced the 
real scattering in this case. 

These results have an important practical implication which is 
quite obvious. They also bear out the contention that final 
failure is precipitated by yielding of the material, as obviously 
the initial stresses due to springing the sheet (present on the 
outer and inner surfaces all over the cylinder) will combine with 
the stress due to other causes to produce yielding before it would 
otherwise occur. Of course, if the wall is bent to the proper 
shape before making the joint, some initial stresses will also be 
present, but they will be much smaller and more localized than 
where the sheet is sprung to shape. Also, the cold-working of the 
material may raise its yield point slightly, which would also fall 
in with our contention. 
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Appendix 1. Theory on the Assumption of 
Perfect Initial Shape and Infinitesimal _ 
Displacements 


In a previous paper’? the author has shown that the conditions 
for equilibrium of an element of the wall of a thin cylinder, under 
uniform axial compression, when the displacement consists of 
several waves around the circumference, can be simplified to 


Et E dw 


12,N.A.C.A. Report No. 479, pp. 13-15. 
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TABLE3 TESTS TO DETERMINE EFFECT OF INITIAL STRESSES 


ON FINAL COMPRESSIVE STRENGTH?! 


Original radius of Original radius of 
curvature of curvature of 
sheet, in. sheet, in. 


Faili 


Failin 
load, | 


load, lb 


All cylinders were of brass, with diameter 3.75 in., 
ness 0.00295 in., and E 15, 700,000 lb per sq in. 

@ Negative sign indicates original curvature was in opposite direction 
from final curvature. 


length 6.0 in., thick- 


where V? = 3a + dat! V‘ signifies the application of V? twice; 


and V8 four times. This equation is satisfied if oh 


= W si 
sin L 


_ 2x8 


=z 


We neglect edge conditions entirely because, due to the small size 
of the waves, it is not important whether there are an even num- 
ber of waves in the circumference, or what the conditions are at 
the ends of the cylinders. (In the tests, buckling frequently oc- 


_ curred over only a part of the length or circumference.) Substi- 


-_tuting [7] in [6] and using the symbols of the present paper, we 
obtain 


(X + S)? 
xX 


Equation [8] gives the values of P required to maintain various 
states of equilibrium involving different values of X and S. 


13 oy for the steel used was around 57,000 lb per s 


in. in all tests. 
oy for the brass was between 28, 000 and > per . 


b per sq in. in all tests. 


Thick- 
2.78 31.3 245 11 
2.92 31.3 244 10 
2.78 31.3 306 10 
2.84 31.3 282 7 
2.72 31.3 382 9 
2.17 31.3 76 12 
9:35 81.3 82 12 
2.18 31.3 133 10 
2:13 31.3 159 10 
2.05 31.3 134 
2.03 31.3 159 
2.64 31.3 181 
2.74 31.3 277 
2.74 31.3 223 
1.99 31.3 81 
2.01 31.3 98 
2.80 31.3 239 
1.99 31.3 91 
j 
408 ii 
382 11 1500 11 
270 11 1108 9 
276 «10 12228 
162 12 322 s 
196 12 198 10 | 
150 10 220 +10 
136 11 252 
428 9 156 5 
224 8 122 1 
122 10 1144 
126 10 88 10 
72 6 86 10 
1284 
1462 
1570... 
1118 9 
92 
64 9 
692 9 
- AA 468 8 
562 12 1.5 152 7 
3a 15 0. 5¢ 119 
02 14 0.5€ 123 
re 
+S)? 
2 


804 , TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Buckling will take place as soon as P rises to the lowest of these 
values. By inspection, or using minimum principles, the lowest 
value of P obtainable from [8] is 2, obtained when the quantity 
(X + S8)*/X = 1. We thus obtain Equations [1] and [2], which 
have been discussed. 


Appendix 2. Theory Considering Initial Dis- 
placements and Finite Deflections 


The strains of the middle surface of the cylinder wall are ob- 
tained in terms of the displacements u, », w:, w. from the geomet- 
rical relationships between them. We find, for the linear strains 
in the z and s directions, the shear strain, the changes in curva- 
tures in the z and s directions, and the unit twist 


or 2\dz 2 2 
2 
We Wi 1 
(2) 


oz Os os 


_ 


The terms involving squares or products of derivatives are large- 
deflection strains representing the change in length of elements 
due to their slope. The other terms are the same as in the small- 
deflection theory." The second expressions for ez, xz, etc. are 
obtained by substituting the relations 


w 
2 = + 2 


in the first expressions, remembering that K(= 1 + 2 = by defini- 


tion) is a constant with respect to z and s, since w and w, are 
assumed to have the same geometrical form. 

The relations between the strains and the internal stresses, 
given by Hooke’s law, are the same as used in the small-deflection — 
theory.'? The internal forces and moments per unit length of — 
section (see Fig. 11) are 

Te = + we) 


Et 


Et 
2(1 + 


Et® 


— (ke + pkz) 


Ee 
12(1 + 


The equations of equilibrium of an element in the z and s 
directions can be taken the same as in the small-deflection 
theory,!* because the only new internal forces which we are con- 
sidering (which are not considered in the small-deflection theory) 
are the large-deflection stresses, which form a part of 7':, 7's, and 
Tz. And T:, 7, and T's are fully considered in these equations: 


0; + de 0 


oT. 
=F, = 0; = 
Os + ox 


These equations will be satisfied if we take —— 
Be 
c dz?’ 


Be 
Os? 


where f is the usual stress function, or Airy function, 
except for the constant factor Et?/c, which is used to sim- 
plify the results. 

Equating the expressions for 7, 7, and T'zs in [12] and 
in [15] and solving for ez, es, and ez, we find 


Os? 


7 oy 
dz? 


t 
(1 +») | 


We next eliminate u and v between the three equations of [9] 


by applying the operator = to the first equation, ast to the 


second equation, and subtracting these two equations from the 


third equation, to which the operator has been applied. 


Substituting [16] in this, we obtain the following relation between 
the stress function f and the radial movement w 


oz? Os? 


An expression analogous to [18], for the case of a flat plate without 
initial displacement (r = ©, K = 1) was first obtained by von 
Kérmdn.'* (However, the author made this derivation indepen- 
dently, before learning of von Kérm4n’s solution.) 

The internal elastic energy is 


1 
E = 2 ff f + T T estas + Gis + Gere 2Gaskzs) 


Substituting Equations [15], [16], [13], and [10] in Equation 
[19] we obtain an expression for the internal elastic energy in 


terms of f and w. If f and w are harmonic functions of x and s, 
this simplifies to 


This gives us 


ds? + oz? 


N 4 
c+. 
4 
‘ 
K (ow [9] 
2 
— 


Equations [18] and [20] are general formulas which can be 
used in solving many other large-deflection problems in which the 
initial displacement can be taken as geometrically similar to the 
final displacement, or as zero (in which case K = 1). For flat 
sheets the first term on the right-hand side of [18] drops out. If 
an approximate expression for w is assumed, an expression for f 
can be derived from [18] and the boundary or other conditions, 
after which [20] can be used to apply the principle of virtual work. 

We assume for w the shape discussed before 


lt 
w ( sin I sin re. Sw cos 


4z z 


Ww 
and take w,; = - w, as implied in the definition of K. Substitut- 
ing [21] in [18] and using the symbols X and S, we find 
cKXS 


+ We 


cX 2x8 
W sin — sin — 


V 4 
rt Le 


. [22] 

From our knowledge of the physics of the problem we know 

that 7., 7., and T.z. will be harmonic functions, except for a 

constant component of 7. equal to —te. Hence, from [22], f 
can be taken as 

tX 

+5) +5) L, 


(KX 


32cS 


The coefficients of the terms in [23] were found by taking them 
as unknowns, substituting [23] in [22], and solving for the values 
of the coefficients satisfying [22] for any values of rors. The co- 
efficient of the second term in [21] was determined in a similar 
way, so as to satisfy the condition that the part of 7. (found by 
using [23] in [15]) independent of s shall vanish, as discussed in 
the first part of the paper. The constant C in [23] is found from 


the condition that the constant part of f Te ‘shall equal —to ors 


T.ds = — 2xrtc, from which 
0 


Using [21], [23], and [24] in [20] and integrating over the 
circumference and length, we find the internal elastic energy 


rEt*h ‘| x? 


(X + 8S)? 


where h is the length of the cylinder, or of the part of the cylinder 
considered. The last term in [25] evidently represents the elas- 
tic work due to the ordinary elastic shortening of the cylinder 
under the load. This has no effect in our problem and the deriva- 
tion could have been simplified by omitting the non-harmonic 
part of [23] which produces this term. However, the justification 
for such an omission might not have been clear. 

The work done by the external forces during a virtual displace- 
ment dW is equal to 2rrtc times the average distance the bes 
der is shortened during such a displacement, or 


Qer h 2 
Pa) K [ow 

— —{—} d 


By the principle of virtual work, this can be equated to the 


oE 
change of E during the displacement dW which i is , oW. When 


AERONAUTICAL ENGINEERING 


(Nan AER-56-12 805 


Curvature of Sheet before Making Cylinder 
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15 Resutts or Tests or CyYLinpers WITH DIFFERENT 
InITIAL Stresses Dus To ForRMING 


these operations are carried out, after substituting [21] in [26] and 
remembering that K is a function of W, we obtain an expression 
for P in terms of W, Wi, X, and S a 


(X+s) 1 
Xt +59) 
W+W , 


8 


[27] 


(2W + Wi) 


It will be observed that if W: is set equal to zero and terms con- 
taining W? are neglected as second-order terms, [27] reduces to 
Equation [8] of the classical theory. 

In carrying out the integrations of [25] and [26] it is assumed 
that L, and L, are even multiples of the length and the circum- 
ference. This involves little error because of the small size of Lz 
and L,, as discussed in the main part of this paper. 

We shall now set up the condition for yielding of the material 
at any point. According to the maximum-shear-energy theory" 
which is generally considered to be the most exact expression of 


18 See “Plasticity,” by A. Nadai, McGraw-Hill, N. Y., 1931. 


| 
P 
(a) 
(a) (b) (c) 


the condition for yielding, plastic flow under combined stresses 
at any point commences when 


(o = a2)? a3)? + (o2 a3)? = 20,? 


where o, o2, and o; are the principal stresses at the point and 
oy is the yield-point stress in simple tension. In our case the 
stress in the radial direction can be taken as zero and as one of 
the principal stresses, while the other two principal stresses, in 
the plane of the cylinder wall, are given by the formula 


| + + V (or — 0)? + 


2 


where oz, os, and ozs are the normal and shear stresses on planes 
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Fie. 16 THEORETICAL RELATION BETWEEN P, Py, Wi, anvo W, 
For X = S = 0.07 


perpendicular to the z and s directions. Using these values 
for the principal stresses in [28], we find 


oz? — + as? + oy? 


The values of oz, os, and ozs at a point in the cylinder wall a dis- 
tance z from the middle plane are, assuming a linear distribution 


Substituting [31] in [30] and using the expressions for 7, Gz 
ete. [15], [13], [10], and finally [21], [23], and [24], we obtain an 
expression for P in terms of Py, W, Wi, X, S, z, 8s, andz. By 
using minimum theory we could determine the value of z, s, 
and z at which P is a minimum—that is, the point at which yield- 
ing first occurs, at the lowest value of ¢. But the expression is 
too complex to make this very practical. Trials and elementary 


calculations indicate that the material at the surface of the 
cylinder wall in the nodes of the wave form is in about as unfavor- 
able a state as any, in most cases, at least. If we take x = 8 = 
0 and z = ¢t/2 in this expression we obtain 


P,? = P? + PKXW? | - 3XSW?| 
+ c ) + §)? 


6(1 (2 3(2—p) 
KXW?)?\ — § 


c 


Equation [4], discussed in the first part of the paper, can now 
be combined with Equations [27] and [32] to eliminate W and 
W,, and obtain P as a function of Py, u, X, S, n, and a. The 
influence of u, which enters [32], is not important and a value of 
0.3 can be taken for it for all engineering metals. We shall also 
assume that X = S because of the difficulty of checking this ex- 
perimentally verified relation, as previously discussed. With 
these assumptions [27] and [32] are somewhat simplified 


9 
32X + + KXW(W + (3 + 
+ Wi) + + Wi) 


Py? = P? + PKXW? 54x] + 3W? 


ov 
x — 0.65.X2 
+(K wo» (2 + + ) 


and Equation [4] becomes 


.. (27’] 


Combining [27’], [32’], and [4’], we can obtain P as a function of 
P,, r/t, X,n,and a. Then we can determine n so as to make the 
value of X, at which P is a minimum, coincide with test results, _ 
and determine a to bring the general magnitude of the values of 
P down to the level of test results. 

The complexity of the equations made it impractical to do this 
directly. Actually, various values of W, W,, and X were as- 
sumed, which enabled the corresponding values of P and P, to be 
found from [27’] and [32’]. This gave sufficient data to plot 
families of curves giving the relation of P and Py = (: / =) 
with W and W, for several values of X. Fig. 16 shows such families 
of curves for X = 0.07, and similar families were drawn for X = 
0.04 and X = 0.10. Then, assuming values of a, n, X, and r/t, 
we find the value W, from [4’]. Taking E/coy = 165, as in the 
tests made by the author, P, can be calculated, and the corre- 
sponding values of W and P found from the curves such as shown 
in Fig. 16. Then by comparing the different results obtained for 
the different values of X, and plotting P against X for the same 
values of r/t, we can roughly determine the value of X at which 
Pisaminimum. This gives sufficient data to plot curves such 
as shown in Figs. 4and 5. This process was repeated with differ- 
ent values of a and n until the combination used in plotting Figs. 
4 and 5 was found. 
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The Design and Peshinmeite of an 


LIONEL S. MARKS! ann JOHN R. WESKE,? CAMBRIDGE, MASS. 


This paper deals with the design and performance of an 
axial-flow fan for comparatively high pressures. The 
design is based largely on extensive investigations of the air 
flow through a fan of well-known design which yielded cer- 
tain constants. The procedure in design is sketched very 
it involves the use of both airfoil theory and 
circulation theory. Full details are given of the completed 
fan. The performance of this fan is shown in a series of 
graphs and is compared with that of the fan used for the 
The influence of the number 
and location of guide vanes was investigated. Diffuser 
action is also discussed. The noise emission was measured 
and was found to be considerably lower than that from the 
original fan. A relation between noise and fan perform- 
ance is pointed out. 


briefly 


preliminary investigations. 


HIS PAPER deals with the design and performance of an 
I exav-ton fan for comparatively high pressures. It was 

hoped that some improvement in efficiency over values 
previously recorded might be obtained by giving careful con- 
sideration to the aerodynamic principles involved, including 
both airfoil theory and circulation theory. 

To analyze fully the operation of an axial-flow fan, it is neces- 
sary to have knowledge of the pressure, direction, and velocity 
of the air in every part of the fan while in operation. To obtain 
these data a fan was built, following closely a design which has 
given good performance, and an extensive investigation was 
made of the air flow through this fan. The details of this in- 
vestigation and its results would require too much space to be 
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included in this paper and it is expected that they will be pub- 
lished elsewhere. 

Certain constants obtained from this preliminary investiga- 
tion have been used in the new design and the fan developed 
on the basis of these researches has high efficiency. In addition, 
consideration was given throughout the design to the question 
of minimizing noise, and tests appear to show that in this respect 
also the fan performance shows improvement over previous 
designs. 


DESIGN 


A consideration of the two-dimensional flow around a blade 
element in a fluid of infinite extent, with corrections for mutual 
blade interference and for finite blade length, leads to certain 
basic conclusions which after having been verified by test were 
applied to the design. 

The velocity diagram, Fig. 1, shows the conditions of flow at 
inlet and discharge in the usual manner and with the standard 
symbols for velocities and their components. It is drawn for an 
airfoil operating with a constant axial-velocity component. It is 
apparent from Fig. 1 that an increase in the angle of attack, a, 
accompanies a diminution of the axial velocity and an increase 


Fie. 1 Vevociry DiaGRAM FoR Fan 
in the discharge circumferential velocity. At the same time, 
it increases the lift and drag until the stalling angle is reached. 
The decrease in relative velocity of the air with respect to the 
blade corresponds to a static pressure difference across the 
wheel. 

The endeavor to obtain constant axial velocity leads, in the 
first approximation, to constant pitch or a pitch angle inversely 
proportional to the radius. 

The fan can be designed so that the same amount of work is 
done on each particle of air, at the flow conditions corresponding 
to the point of maximum efficiency. To accomplish this, varia- 
tion in the angle of attack was utilized, but this procedure can- 
not be effective through a large range of maximum to minimum 
radius of blade. Consequently a large hub diameter is necessary. 
Increase in hub size will increase the necessary diameter of the 
fan for a desired capacity. A compromise had to be reached and, 
for the present design, the hub diameter was made one-half the ; 
fan diameter. 

Choice was made of an airfoil profile with a straight front, 
for which the center of pressure difference across the blade is 
well toward the leading edge. With this profile, eddy formation 
at the trailing edge is reduced—a condition favorable to the 
minimizing of noise. 

A study of the lift and drag characteristics of such airfoils 
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shows that thin profiles have their best lift-drag ratio at small 
angles of attack, while thicker profiles produce an optimum ratio 
at larger angles of attack and have also a large stalling angle. 
The lift produced by these sections can be increased by increasing 
the angle of attack above the value giving the best lift-drag ratio. 
This increase in the angle of attack above the optimum was varied 
from a negative quantity at the periphery to a maximum at the 
hub and resulted in an increase of pitch along the radius from tip 
to hub. Some decrease in the angle of attack is necessary as a 
result of mutual blade interference. The angle of attack was 
selected so as to give constant pressure on each blade element. 


Solid Wall.” 


Axis of Symmetry 


Fic. 2 STREAMLINES AND VELOCITY DISTRIBUTION AROUND 
Nose or Hus 


The theory of the individual blade element does not take into 
account the mutual interference of neighboring blades, or induc- 
tion phenomena near the tip and the hub, or the effect of rota- 
tional flow in the interval between two blades. The last is a 
rotation of the air relative to the blades and in a direction op- 
posite to the direction of rotation of the fan and is due to the 
fact that the air enters without rotational motion. 

A more precise estimate of the pressure difference was obtained 
through application of the circulation theory. According to 
this theory, the circulation at the discharge side is equal to the 
sum of the circulations around the individual blades, provided 
that the circulation at the suction side is zero. Through Joukow- 
sky’s theory, relating the circulation to the lift of an airfoil, 
the connection between airfoil theory and circulation theory is 
established. To investigate this relation, measurements were 
made of the rotational velocity at discharge from the fan, in the 
preliminary investigations. The results of these investigations 
were summarized in the computation of a mean-value coefficient, 
which is the ratio of the arithmetic average of measured circum- 
ferential velocities and the circumferential velocity of the ideal 
fan. This coefficient has the value of 0.5 to 0.6 for a fan in which 
the chord of the blade section is approximately equal to the 
normal pitch at that section. This factor is not greatly altered 
for deviations from this ratio of chord to normal pitch. 

The principles of streamlining were observed throughout the 
design of the fan and adjoining air passages. The nose of the 
hub is shown in Fig. 2, which also gives the calculated flow lines 
for the case in which the air approaches the hub in an axial direc- 
tion. It will be seen that this shape has the advantage of giving 
somewhat greater axial velocities in the vicinity of the hub. 

The number of guide vanes was chosen so as to avoid simul- 
taneous encounters of the trailing edge of the wheel and the lead- 
ing edge of a guide. This should tend to keep down the in- 
tensity of sound emission. The tilting of the trailing edge of 


the blade at an angle to the radius and of the leading edge of the 
guide vanes in the opposite direction had also for its purpose the 
reduction of noise. 

The guide vanes were designed on the basis of measurements 
of the air stream at discharge, and the varying direction and 
velocity of the air stream approaching the guide vanes was con- 
sidered when selecting a suitable profile. While the angle of 
incidence was selected for best results at maximum efficiency, the 
thick profiles were intended to obtain good flow under other 
operating conditions. ‘The change of section of the guide vane 
with radius is shown in Fig. 3. 

Diffuser action was obtained in a cylindrical casing by the 
tapering of the hub. Diffusers for moderate deceleration are 
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fairly efficient—up to 85 per cent. 
1.22 with a conical diffuser and with laminar flow, back flow sets 
in and the efficiency drops. With a cylindrical casing and a 
tapering hub the inequality of decrease in velocity is counteracted 
and a good efficiency is possible. 


TESTING ARRANGEMENTS 


The details of the fan design are given in the pattern drawing, 
Fig. 4; its arrangement in the casing, with its stationary stream- 
line continuation, is shown in Fig. 5. The well-rounded entry 
to the casing is omitted from Fig. 5 but is indicated in Fig. 6, 
which shows the test set-up. The stationary streamline con- 
tinuation of the fan hub was centered in the casing by a spider 
of five radial blades and it contained the ball bearings which 
support the shaft at the fan end. The guide vanes are located 
between the fan and the radial blades. 

As shown in the set-up for performance tests, Fig. 6, the fan dis- 
charges directly into the atmosphere. The air enters through a 
calibrated nozzle and the resistance is controlled by screens and 
slats located 22 ft past the nozzle. The resistances are suc- 
ceeded by a 12'/;-ft length of square duct of about 50-in. side. 
The air enters the fan casing through a well-rounded bell mouth. 
The fan is driven by a long shaft which permitted the use of 
diffusers of any desired length and located the dynamometer at 
such distance as to offer no disturbance to the air flow. It had 
the disadvantage, however, of limiting the permissible speed of 
operation to about 3000 rpm. 

The volume of air passing through the fan was measured by an 
impact tube arranged on the center line of the nozzle, one-half of 
its diameter distant from its outlet. 

The total pressure is the difference between the impact pres- 
sures at the inlet to the bell mouth and at discharge from the 
fan casing or diffuser. The velocity pressure at the bell mouth is 
too small to be measurable at any operating condition and conse- 
quently a static-pressure measurement was substituted at the 
location indicated. As the velocity over the discharge area is 
variable, the discharge impact pressure was calculated from the 
static pressure (which is atmospheric) and the mean-velocity 
pressure computed from the air flow. This gives a smaller value 
than the actual pressure. 

Tests were made at 1800, 2400, 2700, and 3000 rpm and a 
stroboscopic device, consisting of a neon lamp and a disk with 
radial markings, rotating with the shaft, served to adjust the 
speed to within one rpm of the desired speed. 

The power input shown in the performance curves is the net 
input, i.e., the difference between the measured and the frictional 
horsepower. The latter was determined by tests in which a 
plain cylindrical hub was substituted for the fan. 

The test set-up differs in many ways from that of the Standard 
Test Code for Propeller Fans of the American Society of Heating 
and Ventilating Engineers. After the completion of the tests at 
Harvard University the fan was tested in another laboratory, 
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Fie. 7 PeRFORMANCE CHARACTERISTICS OF THREE-BLADED 
PROPELLER FAN 
(Tests with ten guide vanes and diffuser; clearance, d = 1 in.) 


sures, volumes and efficiencies as determined by the Standard 
Test Code are greater than those recorded here. _ 


Test RESULTS 


The curves of Fig. 7 give the results of tests in which the fan 
was provided with 10 guide vanes and discharged through a 
conical diffuser, which increased in diameter from 20 in. to 38 in. 
in a length of 80 in. All the remaining tests described in this 
paper are with a cylindrical casing and no conical diffuser. 

The curves of static pressure, efficiency, and horsepower input 
are typical of propeller fans. The static pressure rises steadily 
with decreasing flow to a “‘no-flow” value which is 70 per cent 
of the spouting pressure corresponding to tip velocity, or equal 
to the velocity head of a particle rotating with the fan wheel 8 
in. distant from the axis. At about 40 per cent of the flow giving 
best efficiency, there is a disturbance, noticeable by a bend in the 
curves and by a considerable increase in noise. Measurements of 
flow within the fan show that this is caused by secondary currents 
due to centrifugal effects. 

Peak efficiencies vary with the velocity as indicated by the 
measurements at different speeds, but at 2700 and 3000 rpm the 
maximum total efficiency has a constant value of about 80 per cent. 
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following the methods of the Standard Test Code. The pres- 
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(Stub outlet duct; ten guide vanes; clearance, d = in.) 
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Fig. 9 Static Pressure, Net HorseroweEr INPUT, AND 
(Stub outlet duct; 5 guide vanes; clearance, d = 13/s in.) 7 ra 


The same phenomenon of variation of peak efficiency with rpm 
has been observed in propeller and centrifugal pump operation. 
As a considerable part of the loss incidental to the operation of 
axial-flow fans is due to conditions of flow in the discharge, an 
investigation of the interaction of guide vanes and fan blades 
was undertaken. Two factors were investigated: (1) the 
effect of the number of guide vanes upon fan performance 
and (2) the effect of the axial clearance between the trailing 
edge of the fan wheel and the leading edge of the guide vanes. yP 


GuIDE VANES 


Efficiency tests were conducted with 10 and with 5 guide 
vanes installed and also without guide vanes. For these tests 
the axial clearance between the fan wheel and the guide vanes 
was maintained constant at a value of 13/; in., which other tests 
had shown to be a favorable distance in respect to efficiency 
and noise. The five radial blades supporting the bearing hous- 
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Efficiency, Per Cent 


> 


Volume Discharged ,!000Cfm 
Fie. 10 Sratic Pressure, Net HorserpoweEr INputT, AND 
EFFiciency 
(Stub outlet duct; no guide vanes; clearance, d = 1%/s in.) 


ing presumably functioned in part as guide vanes during the 
operation which is designated as ‘without guide vanes.” The 
tests which were made cover the range of normal operating condi- 
tions, but a few additional points were included down to the 
“‘no-flow”’ operation. 

The results obtained are given in Figs. 8, 9, and 10 which give 
static pressures, total efficiencies, and net horsepower inputs at 
1800, 2400, 2700, and 3000 rpm. The following conclusions may 
be drawn from them. 

(1) The variation of number of guide vanes does not affect 
the quantity of air flow through the fan. 

(2) As the number of guide vanes is increased, the static 
pressure rises. The rise is 4 per cent for five guides and 13 per 
cent for ten guides, as compared with operation with no guides, 
in the region of best efficiency. 

(3) The gain from guide vanes is most clearly shown by the 
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curves of total efficiency. 
has a maximum of 70 per cent at 3000 rpm but diminishes slowly 


For no guides the total efficiency 


with change of volume flowing. With five guides the peak 
efficiency is brought up to 79 per cent at 3000 rpm but the ef- 
ficiency curve is steeper. At large flows, the efficiency obtained 
with five guides is slightly less than with no guides, as the guides 
are not designed for this condition. For all other operating 
conditions the use of five guides yields higher efficiency than with 
no guides. With ten guide vanes the maximum efficiency in- 
creases to 81 per cent but the efficiency curve becomes steeper stil! 
and a further moderate decrease of efficiency is indicated at largest 
flows. 

These tests seem to indicate that the optimum number of 
guide vanes for a fan of this type is between five and ten. 


EFFEcT OF CLEARANCE BETWEEN FAN AND GUIDES 


Variation of the axial distance, d, between propeller and guides 
has a considerable influence upon the noisiness of the fan. In- 
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crease of noise becomes noticeable as d is decreased below 1 in. 
It becomes a maximum when d is made very small. 

The effect of the axial distance d upon efficiency was in- 
vestigated in the region of best efficiency. Tests were made at 
3000, 2700, and 2400 rpm and in some cases at 1800 rpm. The 
results are shown in Figs. 11, 12, 13, and 14. The axial clearance 
was varied from #/; in. to 1*/, in. The lower limit was deter- 
mined by the increase of noise, while above 1*/, in. changes in 
clearance did not influence the test results appreciably. 

In Fig. 14 peak efficiencies are plotted against the axial dis- 
tance, d, for various speeds. It will be seen that highest ef- 
ficiencies are obtained for a clearance of 1 in. A somewhat 
larger clearance was found desirable in order to reduce noise 
further and a compromise was made in the adoption of a clear- 
ance of 15/,in. At this clearance, the efficiency is only slightly 
lower than at 1-in. clearance. 


DIFFUSER 


The cylindrical discharge casing of the fan, Fig. 5, gives 
probably as much diffuser action as is desirable when the com- 
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pactness of the equipment is considered. The fan performance 
with greater diffuser action was determined by substituting the 
conical diffuser for the stub cylindrical duct. The dimensions of 
this diffuser are given earlier in connection with the discussion of 
Fig. 7. 

A comparison of the performance with the two degrees of 
diffuser action is presented in Fig. 15, which is for a speed of 


+ Static Measurements without Diffuser 
\ © Test Measurements with Diffuser 
orsepower Inpu 
and 
+ X|-without Diffuser 
2 | 
vy, T 
Static Pressure Difference 
with and without Diffuser 
XN 
6 
= N \ Total Efficiency 
\ : ry 
with and | 
+ 
© 
53 
60a 
| ~ 
3 | 
5 N 
20 


2 3 4 
Volume, 1000 Cfm 


Fic. 15 Comparison WiTH WitTHouT DirruseR 

(3000 rpm; 10 guide vanes; clearance, d = 1 in.) _ 
3000 rpm and an axial distance between blades and guides of 1 in. 
The conical diffuser has too large an area ratio (1 to 3.6) for opti- 
mum results. The static pressures are not increased except at 
large volumes but the net horsepower input is diminished, the 
computed diffuser efficiency is 70 per cent and the maximum total 
efficiency is decreased by about 1.5 per cent. 


CoMPARATIVE PERFORMANCE 


For purposes of comparison, performance tests were made on 
the two-bladed propeller fan referred to in the second paragraph 
of this paper. The fan was built, as stated, for the research 
preliminary to undertaking the design of a fan. Its general 
features are shown in Fig. 16. The ratio of hub diameter to tip 
diameter is 0.3. During the tests the hub was provided with a 
well-rounded nose and a streamlined after-body. The blade 
surfaces are parallel over a cylindrical section, tapering off 
to a slightly rounded edge on both sides, as compared with the 
airfoil sections of the new design. In the cylindrical develop- 
ment, the blade is a curved plate of constant thickness with the 
front or driving side convex as against the straight front shown in 
Fig. 4. The pitch is constant along a radius but increases in the 
axial direction, from inlet to outlet, as shown in Fig. 17. The 
ratio of pitch at the leading edge to that at the trailing edge is 
0.68. This change in pitch is proportional to the axial depth 
except in the region near the trailing edge where the pitch 
remains constant. This has the effect of reducing the pressure 
difference across the blade in this region. Both the leading 
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edge and the trailing edge are radial lines in an axial plane. In 
the new design the pitch is variable along a radius and is constant 
in the axial direction. 

Ten guide vanes of constant curvature along the radius and 
with an angle of incidence of 28 deg were installed for the perform- 
ance tests. 

The test results with this fan are given in Fig. 18 and a com- 
parison of the two fans is made in Table 1. The tabulation is 
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Fie. 16 Princrpat Diwensions oF Two-Biapep AxIAL-FLow Fan 
Usrep For CoMPARISON WiTH New THREE-BLADED FAN 
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TABLE 1 COMPARISON OF A TWO-BLADED AXIAL-FLOW 
FAN WITH THE NEW THREE-BLADED AXIAL-FLOW FAN 


Maximum total efficiency, per cent 
Volume coefficient, 
axial velocity at discharge 
tip velocity 

Pressure coefficient, 

( static pressure 

velocity head at tip s 

Characteristic speed b 


“With stub-discharge duct; all other figures with conical diffuser. - 


High-speed axial-flow fans are noisy in operation as com- 
pared with centrifugal fans. The problem of noise reduction 
was kept in mind throughout the design as indicated at several 
places in this paper. The completed fan was tested for noise 
and similar tests were made on the two-bladed fan and on a 
centrifugal fan. In the noise tests of the axial-flow fans, the 
stub cylindrical discharge duct was used and the microphone was 
placed 2 ft from the end of the duct, near the edge of the air 
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Fie. 17 VartaTIon or Pitce Wits AXIAL 
in Two-Biapep Ax1at-FLow Fan 


Efficiency, PerCent 


for 3000 rpm which is considerably below 
the optimum operating speed. The new 
design has a diameter slightly smaller 


than the two-bladed fan and conse- 
quently has a lower tip speed. The 
smaller discharge volume of the new 
design results from the larger hub di- 
ameter, the lower tip speed, the thicker blades, and the decrease 
in pitch of the blades. The tests were made with the conical 
diffuser previously described. 

It will be noted that the pressure coefficient of the new fan is 
37.5 per cent greater than that of the two-bladed fan. This is in 
accordance with the original purpose of designing a fan for com- 
paratively high pressures. 


3 4 5 
Volume Discharged,IC00 Cfm 


Fic. 18 PrrroRMANCE CHARACTERISTICS OF Two-BLADED 20-In. PRopELLER Fan 


(3000 rpm; 10 guide vanes and diffuser.) 


flow, and was oriented at 45 deg to the axial direction. In the 
case of the centrifugal fan, the microphone was placed 2 ft away 
from the edge of the well-rounded inlet to the fan and was 
oriented at 45 deg. to the fan axis. 

The results of these tests are presented in Figs. 19, 20, and 21. 
For the axial-flow fans, observations were made at two speeds, 
2400 and 3000 rpm, with one additional observation at 1800 rpm 
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on the new fan. *The axial-flow fans had 
10 guide vanes located 1 in. past the fan 
bludes. For the centrifugal fan, obser- 
vations were taken at one speed only. 7 
In each case the observations covered 
the usual operating range of capacity. 7 


The results obtained show an inter- 
esting relation between fan performance 
and noise. It will be observed that, 
with the axial-flow fans, minimum noise 
coincides approximately with maximum 
efficiency and that noise increases rapidly 
from that point, with decrease in ca- 
pacity, until a break-down point is reached 
where the noise intensity drops suddenly. 
This break-down point coincides with 
the inflection point in the static-pressure 
curve. With further decrease in capacity 
the noise increases again. 
A comparison of the two fans at 3000 
rpm and at maximum efficiency shows a — 0 
noise intensity of 84.3 db for the new *'000 


fan and 92.3 db for the two-bladed fan, Fie. 20 Notss MEASUREMENTS OF Two-BLADED PROPELLER FAN 
This represents a decrease in sound a (2400 and 3000 rpm.) 
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Fig. 21 Noisz MEASUREMENTS OF 38-IN. TVID StrurTEVANT 
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energy, for the new fan, to less than one-sixth of its value for 
the two-bladed fan. The same ratio holds approximately at a 
speed of 2400 rpm. The variation in noise with rpm, as shown 
, by the broken curve in Fig. 19, is exceedingly rapid. It is 
Efficiency obvious that the noise problem in axial-flow fans is not yet solved. 

The noise characteristics of the centrifugal fans are quite differ- 

a ent from those of the axial-flow fans. Minimum noise occurs at 
very low capacities and noise intensity increases regularly with 
capacity, except for a break-down point which again coincides 
with an inversion in curvature of the static-pressure curve. The 
actual sound intensities for a given volume and static pressure 


are much lower than with the axial-flow fans. 77 * 
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Fart ther Experiments on the Variation of the 


Maximum-Lift Coefficient With Turbulence — 
~ and Reynolds’ Number 


By CLARK B. MILLIKAN,' PASADENA, CAL. 


The experimental work presented in this paper repre- 
sents an extension of the earlier results published by the 
author in conjunction with Dr. A. L. Klein. The earlier 
investigation dealt only with the N.A.C.A. 2412 airfoil, 
while the new tests employed a thick propeller section and 
a thickened Clark Y wing whose maximum thickness was 
18 per cent of the chord. All three airfoils were also in- 
vestigated with simple, split-trailing-edge flaps whose 
chord was 25 per cent of the wing chord and which were 

_ deflected 45 deg down from the under surface of the wing. 
_ The measurements were made at various Reynolds’ 
- numbers and with varying degrees of turbulence produced 
_ artificially by a grid of small rods placed different distances 
_ upstream from the model. 

The experimental results with the new sections tested 

_ differ in many particulars from the earlier results with the 
2412 section. A qualitative explanation of these differences 
; is given in the light of the theory of Dr. Th. von Karman 
the author. 
It is concluded that, although this theory is satisfactory 
for a certain class of airfoils, it cannot be applied to certain 
_ other less conventional types. It appears that there exists 
at present no satisfactory method of predicting the nature 
of the dependence of C:,,,, on Reynolds’ number and 
turbulence for an arbitrary airfoil section. 


N A PAPER by Dr. Klein? and the author were presented, 
some time ago, the results of a rather elaborate experimental 
investigation of the effects of turbulence and Reynolds’ num- 
ber on the maximum-lift coefficient of the N.A.C.A. 2412 airfoil. 
A brief discussion of a theoretical treatment of the phenomenon 
by Dr. von Karm4n and the author was also included.* Subse- 
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quently, papers by Jacobs‘ and Klemin® have appeared deal- 
ing with the same problem. It was felt that more experimental 
data obtained with other airfoil sections would be very desirable, 
so that additional tests were undertaken in the 10-ft wind tunnel 
of the Guggenheim Aeronautics Laboratory at the California 
Institute of Technology. The present paper presents the more 
significant of the results of these tests. 


EXPERIMENTAL PROCEDURE AND DescripTION OF MopELS 


All of the experiments were performed on rectangular airfoils 
of aspect ratio five or six (chord 12 in. or 14 in.) and at various 
airspeeds up to about 200 miles per hour. The airfoils, which 
were made of laminated propeller birch, were lacquered and pol- 
ished so as to eliminate as nearly as possible the effects of surface 
roughness. All results were reduced to infinite aspect ratio by 


Fic. 1 BEHIND THE Grip Reapy FoR TESTING 

the usual Prandtl formulas, and are presented in terms of the 
U.S. conventional dimensionless coefficients. Varying degrees 
of turbulence were introduced into the air stream at the model 
position by placing a grid at various distances upstream from the 
model. The grid was composed of !/s-in. welding rods spaced 
3/, in. apart and perpendicular to the airstream and to the span 
of the wing. It had dimensions such that the wing was always 
entirely in its “wind-shadow.” The arrangement of airfoil and 
grid in the wind tunnel is shown in Fig. 1. The degree of tur- 
bulence for each grid position was determined by placing a 15-em 
sphere in the position normally occupied by the model and ob- 
serving the variation of its drag coefficient with Reynolds’ num- 
ber. The results for the four degrees of turbulence investigated 
are plotted in Fig. 2. These show that the values of Rest (at 


4 ‘Aerodynamics of Wing Sections for Airplanes,” by E. N. Ja- 
cobs, S.A.E. Journal, March, 1934. 

5“‘The Maximum-Lift Coefficient,” 
Dec., 1933, and Jan., 1934. 


by A. Klemin, Aero Digest, 


4. 

| 


which Cp has the value 0.3)* could be varied between about 
100,000 and 340,000. All of the experimental curves are labeled 
1, 2, 3, and 4 to indicate the particular distance between grid and 
model in question. 

The experimental results collected and presented by Klemin® 
indicated that very thin and very thick airfoils exhibit maximum 
lift characteristics entirely different from those furnished by con- 
ventional, moderately thick and cambered airfoils like the N.A.- 
C.A. 2412. In order to verify this result it was decided to test 
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Fic. 3 Sections INVESTIGATED 


an extreme section of the thick type. The U.S.N. P.S.6, a pro- 
peller section with 20 per cent thickness, was chosen for this pur- 
pose. A thickened Clark Y airfoil with 18 per cent thickness, 
which was available in the laboratory, was also investigated, 


*“The Effect of Turbulence in Wind-Tunnel Measurements,” 


ea by H. L. Dryden and A. M. Kuethe, N.A.C.A. Tech. Rept. No. 342. 


since it was felt to represent a more conventional type of thick 
airfoil section. An extremely thin section was not included be- 
cause of the difficulties involved in building such a wing to with- 
stand the large wind velocities (up to 200 mph) employed in 
the tests. In view of the current interest in the split-trailing- 
edge flap, both of the new thick airfoils as well as the old N.A.C.A. 
2412 were tested with and without such a flap. In all cases in 
which it was used, the flap had a chord 25 per cent of that of the 
wing and was deflected through an angle of 45 deg from the 
bottom surface. All lift coefficients are based on the wing area 
without flap and all Reynolds’ numbers on the chord length 
without flap. The airfoil sections which were used are shown in 
Fig. 3. 


EXPERIMENTAL RESULTS 


_ All of the final results have been collected in Fig. 4 and to these 


have been added the earlier data for the 2412 airfoil without flap. 
It is at once apparent that the three airfoils exhibit entirely dif- 
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(Curve 3a represents check runs taken at the time of the present tests 

i.e., over eighteen months later than the tests for the other 2412 minus- 

flap curves. The wing had mag been highly polished and may very prob- 

ably have warped perceptibly during this interval. These two effects 

should be enough to explain the small discrepancy between the curves 3 
and 3a of this group.) 


ferent types of variation with both Reynolds’ number and tur- 
bulence. The following points are especially striking: 

(a) For the 2412, increasing both R and turbulence increases 
Ci mez, and the variations with both are very similar with and 
without flaps. 

(b) For the Clark Y 18 per cent, increasing turbulence in- 
creases CL mez. However, for low turbulence Cz ,,,, decreases or 
at least remains nearly constant as R increases. For high turbu- 
lence Cx me: increases with R in much the same manner as for the 
2412 airfoil. For this wing also the addition of the flaps does 
not violently alter the variation of Cz,,,, with either R or turbu- 
lence. 

(c) For the U.S.N. P.S.6 without flaps, there is little varia- 
tion with either turbulence or R. Such variation with turbu- 
lence as does appear is in the opposite direction to that for the 
other airfoils, i.e., in this case increasing turbulence decreases 
Ci maz Slightly. For the lowest turbulence, R has no effect on 
Cimez- AS the turbulence increases increases slightly 
with R at low values of R and decreases perceptibly at large 
values of R (above 10, approximately). The addition of the flap 
completely changes matters and leads to a consistent increase in 
CL maz With turbulence and, for the lower degrees of turbulence, 
to a consistent decrease in CL me, With increasing R. iw? a. 
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_ Discussion oF THE ReEsuLtTs IN THE LiGHT OF THE EARLIER 


THEORY 

The theoretical treatment of the problem by von Kérmdén 
and the author,’ which predicted an increase in Cx ,,g, With in- 
creasing Reynolds’ number or degree of turbulence, was felt to 
give a satisfactory explanation for the variation of Cx,,,, With 
both R and turbulence for the 2412 wing, at least at the lower 
Reynolds’ Numbers investigated. Since the behaviors of the 
other two wings are so different from that of the 2412, it is clear 
that they cannot be immediately explained by the earlier theoreti- 
cal discussion. The latter was based on the computed distri- 
bution of potential velocity around the 2412 airfoil, and it is 
conceivable that, were the calculations repeated for the other 
two airfoils, results similar to the experimental ones might be 
obtained. It appears to the author very unlikely, however, 
that such would be the case. Indeed, it is felt that the differ- 
ences in CL m4, behavior have a much deeper origin. Weare led, 
therefore, to a consideration of the basic assumptions under- 
lying the theoretical calculations. Those pertinent to the pres- 
ent discussion were as follows: 


(a) A turbulent boundary layer never separates from a wall. 

(b) For all angles of attack up to the stall, the separation 
point lies very close to the trailing edge. At the stall the sepa- 

ration point jumps to a point near the leading edge and the lift 
falls off. 

(c) The degree of turbulence in the main airstream deter- 
mines the value of the boundary-layer Reynolds’ number at 
which the transition from laminar to turbulent flow occurs in 
_ the boundary layer. 


The assumption (a) represents, of course, a great oversimpli- 
fication and leads to the possibility of indefinitely large values of 
Cimez The theoretical conclusions are, therefore, only valid at 
small and moderate values of R or Ch mez. However, it is difficult 
to see why a change in airfoil section should widely alter the 
limits of applicability of the theory, so that the differences be- 
tween the Cz ,,,, curves for the thicker airfoils and the theoretical 
(or experimental) curves for the 2412 do not seem to be connected 
with assumption (a). 

Assumption (b) implies that, in a Cx vs. angle-of-attack plot, 
the lift curve should be linear and very similar to the theoretical 
ideal-fluid curve up to the stall, and should then break away 
sharply. In Fig. 5 are plotted Cz vs. a curves for the various 
airfoils with and without flaps. Each curve is typical of all 
the results obtained with one airfoil at various values of R and 
degrees of turbulence. Considering first the curves for no flaps, 
that for the 2412 indicates that, for this airfoil, the conditions 
approximate quite closely to those which correspond to assump- 
tion (b). In other words, it seems that the separation point must 
remain very near the trailing edge until the stall is practically 
reached when it moves rapidly forward toward the leading edge 
and then the lift falls away sharply. For the Clark Y 18 per 
cent, the region during which the lift falls away from its linear 
variation with @ is considerably broader before the stall, i.e., 
for this airfoil there appears to be a considerable range of angles 
of attack before the stall during which the separation point 
moves gradually forward as the angle of attack increases. For 
the U.S.N. P.S.6 airfoil this effect is much exaggerated. It ap- 
pears, therefore, that the assumption (b) furnishes a good approxi- 
mation to reality for airfoils like the 2412, a less satisfactory 
one for airfoils like the Clark Y 18 per cent, and a very poor one 
for sections like the U.S.N. P.S.6. This means that no theoreti- 
cal considerations of the type discussed could be expected to ex- 
plain the observed phenomena for the U.S.N. P.S.6, and that any 
such explanation for the Clark Y 18 per cent might not be entirely 
satisfactory. The great discrepancy between the U.S.N. P.S.6 
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the theory), and the smaller discrepancy between Clark Y 18 
per cent and 2412 results, substantiate this conclusion. 

The nature of the flow around an airfoil with split flap is not as 
yet well enough understood to warrant any detailed theoretical dis- 
cussion of such modified airfoils. It is interesting to note from - 
Fig. 5, however, that assumption (6) is very well satisfied for all — 
three airfoils with flaps, and that at least the variation of Ci mes — 
with turbulence agrees with the theoretically predicted behavior — 
for these cases. 


results and those of the 2412 (which latter are in agreement with _ 


Assumption (c) is probably satisfactory for the 2412 and Clark = 
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Fie. 5 Typican Curves or Lirr Cogrrricient Vs. ANGLE OF 
ATTACK FoR Eacu AIRFOIL 


Y 18 per cent airfoils which have smooth nose contours with 
relatively small curvature at the leading edge. However, for 
the U.S.N. P.S.6 airfoil the curvature at the leading edge is ex- 
tremely large and this might well make the boundary layer 
downstream turbulent without any external assistance. This 
may possibly be the explanation for the very slight effect of ex- 
ternal turbulence on the maximum lift of this airfoil. With the 
flap added Cz ,,g, occurs at such low values of a that it is con- 
ceivable that the stagnation point lies above or very near to the 
sharpest curvature. The boundary layer over the upper surface 
of the airfoil would then hardly be subjected to the effect of this 
sharp curvature and the normal dependence of Cz ,,,, on exter- 
nal turbulence would be experienced, giving results like those 
shown in Fig. 4. 

The general conclusions deduced from a comparison of these 
experiments with the earlier theory are then that the variation 
of Ci wes With R and turbulence may be expected to be of the 
predicted nature for airfoils with well-rounded leading edges and 
whose Cz vs. @ curves remain linear and close to the theoretical 
ideal-fluid ones until very close to the stall. An extension of 
the theory to include airfoils not satisfying these conditions would 
almost certainly involve a knowledge of the separation point 
characteristics of turbulent boundary layers, as well as an inves- 
tigation into the general potential flow around a wing from which 
the flow has separated some distance before the trailing edge. 
Both of these problems present extreme difficulties which do not 
seem likely to be solved in the immediate future. 


Tue Power LAw FOR THE VARIATION OF Cima: WitH R 


Empirical formulas of the form Cr... ~ R® have been pro- 
posed in the past as an aid in extrapolating model results to full 
scale.6 In order to investigate the validity of such formulas the 
curves of Fig. 4 have been replotted in Fig. 6 to a double loga- 
rithmic scale. If the power law were satisfied all of the curves 
should become straight lines in such a diagram, and the expo- 
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nents n would then be given by the slopes of the lines. A study 

of Fig. 6 indicates that, although some of the curves have an 

approximately linear character, others have such a large curva- 
ture as to make the general applicability of the power-law method 
of extrapolation to full scale Reynolds’ numbers extremely 
_ risky and uncertain. 

If the power law were satisfied and the slopes of the lines for 
given airfoil at various degrees of turbulence were all the same, 
__ it would be possible to bring them all into coincidence by simple 
translations along the R axis. It would then be possible to take 

_ into account the effect of different amounts of turbulence by as- 
_ signing to each an equivalent shift in the origin of the FR scale. 
_ In this way it might be possible to duplicate results at large 
Reynolds’ numbers and small turbulence by means of measure- 
- ments at small Reynolds’ numbers but with a high degree of 
_ turbulence. This very attractive possibility has been several 
times suggested but the results of Fig. 6 show that it unfortu- 

nately does not correspond with reality. Even for the curves 
= have approximately the required linear character, varying 

the degree of turbulence usually produces large changes in the 
_ slopes, in several cases even changing their signs from positive to 
‘negative. 

It appears to the author that it is not yet possible to give any 
explicit formula by which model results on an arbitrary airfoil, 
and obtained with arbitrary values of R and degrees of turbu- 
lenee, can be extrapolated to full-scale, free-flight conditions. 
It might be mentioned that if model results are available at a 

_ series of values of R up to a fairly large maximum (say, R = 1.5 
XX 10), and if the wind tunnel in question has turbulence charac- 
oe approximately like those in the free atmosphere, it is 


« 


_ possible to make very satisfactory extrapolations to full scale 
___ after a certain amount of experience has been obtained. Because 
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of the fact that the California Institute wind tunnel has the de- 
sired turbulence characteristics, and also because the author has 
been fortunate enough to work with a considerable number of 
models of airplanes which have subsequently been test flown, 
he has had the opportunity to make a good many such extrapo- 
lations, and feels that, in general, the full scale results obtained 
are quite reliable. This, of course, detracts in no way from the 
essential importance of further investigation of the phenomena, 
so that eventually such extrapolations may be carried out on a 
more rational and systematic basis. _~ Didi 


CONCLUSION 


tional airfoil sections, and the effect of split-trailing-edge flaps 
has been investigated. The variation of Cz,,,, with Reynolds’ 
number and turbulence is found to differ in many particulars 
from the results of the earlier tests. It is shown that theoretical 
considerations which explained the earlier results qualitatively 
are not applicable to the airfoil sections tested in the present in- — 
vestigation. Although it is felt that the physical mechanism 
of the phenomena is adequately explained by the theory for a 
special class of airfoils, it is concluded that a complete explana- 
tion for all airfoil sections is entirely lacking. It is also demon- 
strated that a power-law variation of Cz ,,,, with F is not satisfied 
for many of the cases investigated. 


In this paper earlier experimental results on the maximum- 
lift coefficient of a single airfoil have been extended to two addi- 
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By DWIGHT F. WINDENBURG! 
This paper discusses the collapse by instability of thin- 
walled cylindrical vessels subjected to external pressure. 
The most important of the theoretical and empirical 
formulas that apply to this subject are presented in a com- 
mon notation. 
developed. 
Three classes of tubes are considered: 


A new and simple instability formula is 


Tubes of infinite 
length; tubes of finite length with uniform radial press- 
ure only; and tubes of finite length with both uniform 
radial and axial pressure. Collapsing pressures calcu- 
lated by the various formulas are presented in tabular 
form as a means of comparing the formulas. 

The formulas are discussed briefly and checked against 
the results of tests conducted at the U. S. Experimental 
Model Basin for the Bureau of Construction and Repair, 
Navy Department. 

This paper is a sequel to one previously published as a 
part of the work of the A.S.M.E. Special Research Com- 
mittee on the Strength of Vessels Under External Pressure. 


HE STRENGTH of a circular, cylindrical shell under ex- 
{ic pressure depends upon its length-diameter and thick- 

ness-diameter ratios and upon the physical properties of the 
material. Failure of the vessel may occur in either of two ways. 
A short vessel with relatively thick walls fails by stresses in the 
walls reaching the yield point, while a long vessel with relatively 
thin walls fails by instability or buckling of the walls at stresses 
which may be considerably below the yield point. These types 
of failure are analogous to the familiar column action: a short, 
thick column failing by “yield,” and a long, thin column col- 
lapsing by “instability.” The analogy to thin plates under com- 
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pression is even closer. In all three cases, tubes, columns, and 
plates, there is an intermediate region between the regions of in- 
stability and yield. 

In the present paper, only the region of instability is considered. 
Nevertheless, as in the case of columns, instability formulas can 
be extended to the intermediate region by substituting the cor- 
rect value of the effective modulus of elasticity (1)* (2, p. 240) in 
the formulas. Such an extension, however, requires an accurate 
stress-strain curve of the material, and the determination of col- 
lapsing pressure in this region is indirect and cumbersome. 

The heads of a pressure vessel, if sufficiently close together, 
may exert considerable influence on the strength of the shell. 
Bulkheads or stiffening rings of adequate rigidity may be con- 
sidered equivalent to heads (3), (4). However, if the tube is rela- 
tively very long, the heads exert no appreciable influence on the 
central portion. The collapsing pressure of such a tube will be 
the same as the collapsing pressure of a tube of infinite length. 
The minimum length of tube for which the strengthening in- 
fluence of the heads can be ignored is called the “critical length” 
(2, p. 226), (5, III, p. 68). The existence of such a critical length 
was found experimentally by Carman (6) and Stewart (7) who 
made many tests on long pipes and tubes. 


INSTABILITY FoRMULAS 


The most important instability formulas published are pre- 
sented for the purpose of comparison in a common notation as 
follows: 


D = diameter of tube® 

= length of tube 
thickness of shell 
collapsing pressure 
modulus of elasticity 

= Poisson’s ratio 
number of lobes or waves in a complete circumferential 
belt at the time of collapse. 


Since the linear dimensions D, L, and ¢t appear in all formulas 
only as dimensionless ratios which are independent of the units 
in which these dimensions are expressed, p is given always in the 
same units as EZ. 


Pires or Tuses LonNGER THAN CritiIcaL LENGTH 


Any tube longer than the critical length can be considered as 
a tube of infinite length since its collapsing pressure is inde- 
pendent of further increase in length. The following formulas 
apply to such tubes: 


Bresse, Bryan (8), (9) _—s 


4 Numbers in parentheses correspond to references given at the end 
of the paper. 

5 In all the theoretical formulas D is the diameter to the neutral 
axis. Practically, for thin shells, the differences between outside 
diameter, inside diameter, and diameter to the neutral axis are 
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Stewart, Carman and Carr (7), (10) (empirical and for steel tubes 
only) 


= 50.2 X 108 (¢/D)* 


Formula [A] is the generally accepted formula for the col- 
lapsing pressure of an infinitely long thin tube. It differs from 
the formula of Lévy (11) for a ring of rectangular cross-section 


p'= 2E (t/D)* 
only by the factor (1 — yu’). 


Formula [B] has the same form as formula [A], but the con- 

_ stant term is about 25 per cent smaller. The difference is due to 

the fact that while formula [A] is for geometrically perfect tubes 

_ formula [B] represents the average collapsing pressure of a great 
_ many commercial steel tubes taken at random from stock. 


ett Vv ~ 


Pressure Vessets on Tuses SuorteR THAN THE CRITICAL 
LENGTH 


. The formulas which follow apply to pressure vessels or tubes 
shorter than the critical length. The ends of the tubes are as- 
a sumed to be simply supported, that is, free to approach each other 
b and free to rotate about the points of support. This ideal type 
of end constraint ‘‘tends merely to maintain the circularity of the 
tube without restricting the slope of the tube walls” (5, I, p. 696). 
This condition is not entirely fulfilled in practise since there is 
some resistance to rotation at the points of support. However, 
there is probably very little fixation at stiffening rings because of 
their small torsional rigidity and because of the staggered nature 
of the bulges (3, Fig. 3). Any fixation makes for added safety. 
The quantity n which appears in most instability formulas is 
_ not an independent variable. It must be evaluated, when the 
_ formulas are applied to a given pressure vessel, by the con- 
_ dition that n is the integral number for which p is a minimum (2, 
_ p. 222). Methods of evaluating n other than by tedious trial 
error substitutions are shown later. 
The various instability formulas follow. : 


INSTABILITY FORMULAS FOR TUBES SHORTER THAN CRITICAL 
LENGTH 


Instability Formulas for Tubes Loaded With Radial Pressure Only. 
von Mises (12, Eq [B]) corrected: 


1 dn? +2] 
ath 1 2 3 


— 
~ te % 


2E(t/D) 
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Ae = p[3 +u + (1 — 
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von Mises, approximate Eq [D]: 


2 
n? = guar 
xD 


n? 


2E 
2E(t/D) 
n? 
2E(t/D) 


D 


Southwell (5, III), approximate hyperbola: 
(t/D)'* 
27. (1 — L/D 
Instability Formulas for Tubes Loaded With Both Radial and Axial 


Pressure. 
(t/D)* 


von Mises (13, Eq [6]): 
(2) | — Quin? 1 = 


Southwell : 


where 


> 
Qu = = [1 + (1 + [2+ 
= = (1 — pu) E + (1 + 2u)p 


p, 2, and A; are defined in formula [1]. 
Tokugawa (14): 


aL} | 
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von Mises (13, Eq [7]): 
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+1 n? + — 


820 
=D 
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p= (4) 
2(— 1 
von Mises (12, Eq [D]) corrected: 


= 

or, for np = 0.3, 

P 


U. S. Experimental Model Basin: 


2.42E 


~ 


— 0.45 


— 0.45(t/D)'/* 


Discussion of Formulas. Most of the formulas quoted ap- 
peared originally in the following notation (12), (13), (14): 


1 _ 7D 
1— a’ 1 {11] 
¥ P 


n? 
xD 


Certain combinations of terms in the formulas can be repre- 
sented conveniently by the symbols of Eq [11]. The formulas 
can thereby be put in simpler form. For example, formula [6] 
in this notation becomes 


y= + a*)? — 2yu,n* +n} z+ 


Formula [1] is probably the most accurate formula for the 
collapse of tubes under external pressure but free from end load- 
ing. It was developed by von Mises (12) from the theory of the 
equilibrium of thin shells. The formula, as originally published, 
contained an error in that the denominator of \, was given as 
(1 — p*) instead of (1 — p)?. 

Formula [1], as well as formulas [2] and [4] derived from 
it, reduce to formula [A] when ZL becomes infinite. For this 
limiting case a = p = 0, andn = 2 (3, p. 210) (9, p. 292). 

Formula [2] is derived directly from formula [1] by neglecting 
powers of p higher than the first. This formula also is given in- 
correctly by von Mises (12), for the error noted in formula [1] 
is carried through to formula [2], resulting in a plus sign instead 
of a minus sign in the denominator of the first bracket. Formula 
[2] is an excellent approximation to formula [1] the average de- 
viation being less than one-half of one per cent. This estimate is 
based on calculations of collapsing pressure for a series of values 
of L/D and t/D in the instability region. The calculations are 
discussed later. 

Formula [3] is derived directly from formula [2] by neglecting 
unity and uw in comparison with n*. The approximation was first 
suggested by von Sanden and Giinther (15, No. 10, p. 220). 
formula [3], like the preceding formula, is a good approximation 
to formula [1], the average deviation being less than 2 per cent. 
However, when L becomes infinite, it does not reduce to formula 
[A] but, instead, gives a value of the collapsing pressure 33'/; per 
cent too high. 

Formula [4] can be derived as an approximation to either 


formula [1] or [2] by neglecting the fraction next to (n? — 1) in 
2L \3 
the brackets and unity in comparison with n* D in the last 


term. Formula [4] gives values of the collapsing pressure which 
are on the average 6 per cent lower (in an extreme case 16 per cent 
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(t/D)*/3 


x lower) than those given by formula [1]. 
_ tained independently by Southwell by the energy method (2) 
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Formula [4] was ob- 
before formula [1] appeared. It was a pioneer contribution to 


the theory of the buckling of thin tubes shorter than the critical 
length. Both formulas [4] and [5] were obtained by Southwell 


_ from more general formulas (5, II, p. 503) (5, III, p. 70) which 


~ contained a constant Z depending upon the type of end con- 
straints. Southwell (2, p. 221) (5, I, p. 696) evaluated this con- 
stant for a simply supported tube, and this value, which was 
verified experimentally by Cook (16), is used for formulas [4] and 
[5}. 

Formula [5] is the equation of a rectangular hyperbola in a 
p, L/D coordinate system for any constant ¢/D ratio (5, III, p. 
70). This hyperbola is practically the envelope of the family of 
curves represented by formula [4] with n as a parameter and 
t/D constant. Formula [5] is a fair approximation to formula 
[4] and errs always on the side of safety. Formula [5] is overly 
safe, however, for it gives values of collapsing pressure on the 
average 12 per cent lower (in an extreme case 21 per cent lower) 
than those given by formula [1]. Moreover, due to the approxi- 
mations involved therein, formula [5] reduces to zero instead of 
to formula [A} when L becomes infinite. It is limited therefore 
to tubes shorter than the critical length. 

Since formula [5] is the equation of a rectangular hyperbola 
for any constant ¢/D, it is similar to the formula of Fairbairn 

(17) and Carman (6), (18) 

where L, is the critical length previously defined and p. is the 
collapsing pressure of a tube of infinite length. Eq [13] can be 
made indentical to formula [5] if pe is replaced by the value 
given in formula [A] and 


[14] 
Eq [14] was first obtained by Southwell (2, p. 227). Experi- 


mental tests by Cook (19, p. 56) substantiated the form of the 
expression but gave a value of the constant K = 1.73 instead of 
1.11. Carman (18, p. 25) suggested the expression Le = 6D, 
but this value is inadequate since it is independent of the thick- 
ness. Eq [13], without an independent expression for Le, can- 
not be used independently, and hence was not included in the 
list of instability formulas. 

Formula [6] is probably the best instability formula for the 
collapse of pressure vessels which are subjected to both radial 
and axial pressure. In its development von Mises (13) showed 
the changes required in formula [1] when the effects of end load 
are included. The error noted in that formula was not repeated 
and formula [6] is, therefore, correct. Formulas [6] and [7] 
both reduce to formula [A] when L becomes infinite (a = p = 
0,» = 2). The collapsing pressures obtained by formula [6] 
are always lower and differ on the average only 3 per cent (in 
extreme cases 6 per cent) from the values obtained by formula 
{1]. Formula [6], therefore, can be used in all cases, since the 
resulting error when applied to a vessel not subjected to end 
loading is small and on the side of safety. 

Formula [7], developed by Tokugawa (14), is practically iden- 
tical to von Mises’ formula [6], and the greatest difference in the 
collapsing pressures given by the two formulas is only 1.5 per 
cent. Formula [7] as given by Tokugawa contains a “frame 
factor” k which appears as a multiplier of a, thus v 7 


= 
ess 
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a (Tokugawa) = 
For ordinary stiffeners k = 1, and this value is used for formula 
[7]. 

Formula [8] is an approximation to formula [6] and formula 
[7] obtained from either by neglecting all but the first term in the 
braces and neglecting unity in comparison with n*. The errors 
due to these approximations partially compensate each other. 

Formula [8] is a good approximation to formula [6], the average 
deviation being about 1.5 per cent. However, when LZ becomes 
_ infinite, formula [8], like formula [3], gives a value of the col- 
lapsing pressure one-third greater than that given by formula [A]. 
Formula [9], developed at the U. S. Experimental Model Basin, 
is an approximation to formula [6]. It is a very simple formula, 
- independent of n, the number of lobes. It checks formula [6] 
very closely, the average deviation being about one per cent. 
Derivation of Formula [9]. Formula [9] is derived as follows: 
Formula [8] when expressed in the notation of Eq [11] becomes 


1 
2 2]2 
y = {[n? + + (1 


Differentiating Eq [16] with respect to n and equating the result 
to zero 


(n? + a?)dx — (n? + a?)fa2x — 3(n? + @*)at(1 — py?) 
+ =0 

_ The solution of Eq [17] for n gives that value of n which will 
make y in Eq [16] a minimum for any givenzanda. Inasmuch 
as this value of n will not in general be integral it is an approxi- 
mation to the correct value of n. With a further approximation 
a solution to Eq [17] can be readily obtained. By factoring out 
— (n* + a?) in the first two terms, and transferring the other 
terms to the right-hand side, Eq [17] becomes 


Substituting the expression for what may be termed the ‘‘mini- 
mizing n” as given by Eq [18], in Eq [16] and simplifying 


se 


1 


az'/* 
(1 — 
In terms of L, t, D, etc. Eq [20] becomes 


x(t/D)? 
D 4[30(1 — 

In the majority of practical cases a/n lies between 1/; and 
*/s. It is found that Eq [20] and [21] are but little influenced 
by a/nin that range. Hence, a mean value a/n = 1/2, that is, 
6 = 3.5, may be substituted in Eq [21], which then becomes 

4.53 E 
(10. (1 — 
L 


[22 


(t/D)*/: 


Since the second term in the denominator is small, and very little 
influenced by u, by using » = 0.3, the coefficient of (t/D)'/? can 
be given one value for practically all materials. Eq [22] then 
becomes formula [9]. 

Not only does Eq [20] give for any x and a the minimum value 
of y for different values of n, but it is also an approximate-en- 
velope of the family of curves represented by Eq [16] in an 2, y 
coordinate system with n as a parameter. This follows from the 
fact that Eq [20] is obtained by eliminating the family parameter, 
n, between Eq [16] and an approximation to the derived Equation 
{17]. Thus there is a relation between formulas [8] and [9] 
similar to that between formulas [4] and [5]. Formula [9] is 
nearly identical in form to formula [5] and, like the latter, is 
limited in its application because it reduces to zero, instead of to 
formula [A], when L becomes infinite. 


MATHEMATICAL DETERMINATION OF THE NUMBER OF LOBES 


It has been mentioned that in formulas in which n appears, the 
integral value of n which makes p a minimum must be used. In 
practise, short cuts are possible which enable one to find this 
minimizing value of n directly. 

The minimizing n for some formulas can be determined by the 
usual method of differentiation with respect either to n or to some 
suitable function of n. For this purpose it is convenient to ex- 
press the formulas in the notation of Eq [11]. The value of n 
thus obtained will not in general be integral. The correct value 
of n must be either the next higher or the next lower integer— 
usually the closest integer. 

In the case of formula [4], the equation obtained by differen- 
tiation is 


3 


A good approximation for the minimizing n, obtained by neglect- 
ing unity and ?/; in comparison with n? in Eq [23] is the relation 


previously published (3) a 


— \ 7.06 

n= = (for 
(L/D)*(t/D) (L/D)*(t/D) 

In the case of formula [8] the equation obtained by differen- 


tiation has already been given in Eq [17]. It can be written in 
the convenient form 


1 — 


= 0.3)... [24] 


Eq [25] must be solved for p in order to obtain the minimizing 
n. A graphical solution is advantageous. The graph of Eq 
[25] is simple to construct inasmuch as values of b can be readily 
computed for selected values of p. Moreover, if from these values 


1—p t/D 
f b and p the expressions n(L/D) = ~ 1 : 
nd p the expressions n(L/D) 2 p (L/D)? 


V 3(1 — u?) 


a curve is obtained from which n can be easily determined for 

given L/D and t/D ratios. An analytical, approximate solution 

of Eq [25] is given by Eq [18] for some constant value of 0, say 
= 3.5. 


4 b are computed and plotted on a logarithmic scale, 


| 
822 
4 
=< 
‘ 
where 
a? 
n2 
p> — 3p! — b% + b? = O.. (25) 
= 
44 
{ 
9 


_ aa TABLE 1 VALUES OF COLLAPSING PRESSURES GIVEN BY VARIOUS INSTABILITY FORMULAS 
. (E = 30,000,000 lb per sq in., uw = 0.3) 
mae, - Collapsing pressure, in lb per sqin., by formula— n by a, 
L/D 100¢/D (1) [2] [3] [5] (6) [7] [8] [9] formula [6] 
2 0.2 7.2 7.3 7.4 7.2 6.6 7.2 7.3 f. eh 5 
0.3 19.3 19.3 19.8 18.8 18.1 19.1 19.2 19.5 19.5 5 
= 0.4 41.3 41.3 42.5 39.9 37.1 40.7 41.0 42.0 40.0 5 
4 0.5 72.1 72.1 73.3 70.9 64.9 70.6 71.4 71.9 70.1 4 
0.6 110.0 110.1 113.1 106.9 102.3 107.8 109.1 110.8 110.7 4 : 
> 0.7 160.8 160.9 166.4 154.7 150.5 157.6 159.6 163.2 163.1 4 
0.2 14.6 14.6 14.7 13.9 13.1 14.3 14.3 14.5 14.3 a» 
0.3 40.1 40.2 40.6 38.0 36.2 39.1 39.3 39.5 39.4 a 
a 0.4 84.5 84.8 85.5 80.2 74.2 81.7 82.3 82.4 81.2 6 
0.5 145.3 145.7 147.8 136.5 129.8 140.3 141.7 142.4 142.5 6 
0.6 232.4 233.2 237.2 214.5 204.8 224.5 226.8 228.6 225.6 6 
0.7 351.1 352.4 359.4 320.3 301.0 339.2 342.8 346.1 332.2 6 
0.5 0.2 30.4 30.5 30.7 27.8 26.3 29.2 29.3 29.4 29.1 11 
7 0.3 85.6 86.4 86.9 76.5 72.4 81.3 81.8 81.7 80.9 9 
0.4 177.2 179.3 180.5 157.1 148.5 166.9 167.9 168.1 167.2 9 
0.5 316.1 321.5 323.6 275.5 259.6 293.1 295.6 295.1 294.6 8 
0.6 501.6 510.7 515.2 435.2 409.4 464.8 469.2 468.8 468.0 8 ; 
0.7 753.2 768.0 775.8 633.7 601.8 698.3 705.2 703.4 691.8 8 
0.25 0.2 66.4 68.1 68.3 55.9 52.6 60.7 60.9 60.8 60.8 14 
0.3 190.3 199.1 199.6 153.2 144.8 170.4 171.1 170.9 170.7 13 
; 0.4 404.8 431.0 432.5 314.4 297.0 355.8 357.6 357.1 355.8 12 
0.125 0.2 160.9 182.4 182.6 111.4 105.1 132.8 133.1 132.9 133.1 19 
; 0.3 485.0 581.5 582.5 307.2 289.6 381.4 382.5 381.8 382.7 16 
0.020 p20 parison of formula predictions and experimental results. The 
Hoos CHART FOR 0.015 collapsing pressures of the representative vessels were calculated 
SS niet ob citi by each of the formulas, [1] to [9], inclusive, for Z = 30,000,000 
Po 0.009 Ib per sq in. and wu = 0.3. The results are set forth in Table 1. 
Fo 4 Percentage deviations of these calculated collapsing pressures 
a° ~ are listed in Table 2. The first five formulas are compared with 
(0.00 
+9 904s formula [1], while the last four formulas and formula [1] are 
05, 00035 | compared with formula [6]. The comparison is confined to the 
5° P0030 _ instability region only and to L/D ratios equal to or less than 2. 
= i The previous statements about percentage deviations are based 
0020 
| on the results shown in Table 2. 
2530 40 5060 


Length + Diameter (L/D) 


Fie. 1 Number or Loses n Into Wuicu a TuBE WILL COLLAPSE 
WHEN SuBJEcTED TO UNIFORM RADIAL AND AXIAL PRESSURE 
(Based on formula [6] by von Mises.) 


For formula [6], the one of most importance, a chart, Fig. 1, 
has been prepared from which the correct integral value of n 
may be determined at once for given L/D and t/D ratios. The 
method used to construct the chart is similar to that employed 
by von Mises (12, p. 754, Fig. 8). An arbitrary value of L/D 
and two arbitrary consecutive values of n (say 7 and 8) are 
selected. These values are substituted in Eq [12] and two linear 
equations in z and y are obtained, one for n = 7 and one for 
n=8. The two equations are solved simultaneously for z, that 
is, for t/D. This t/D ratio in conjunction with the L/D ratio 
originally selected represent the dimensions of a vessel for which 
either n = 7 orn = 8 is determinative. Both values of n give 
the same y and p. This procedure establishes one ‘division 
point” on the chart. From many such points, the division lines 
of the chart are drawn. 

The chart, Fig. 1, gives the best known theoretical value for n. 
It has been checked by experiment (see Table 3) as closely as the 
practical determination of the number of lobes permits. Usually 
the same values of n are given by all the instability formulas 
presented in this paper for a given L/D and t/D. Fig. 1 is, 
therefore, not only correct for formula [6], but it is also a valua- 
ble aid in the use of the other formulas. 


CALCULATIONS FOR THE COMPARISON OF FORMULAS 


As a means of comparing the various instability formulas, 23 
hypothetical pressure vessels with simple L/D and t/D ratios, 
ranging from L/D = 1/8 to 2 and t/D = 0.002 to 0.007, were 
selected. The dimensions of these vessels were so chosen as to 
be completely representative of a series of models tested at the 


US. Experimental Model Basin, in order to facilitate the com- 


CoMPARISON OF THEORETICAL AND EXPERIMENTAL RESULTS 


The observed collapsing pressures of 36 models and their col- 
lapsing pressures as computed by formula [9] are given in Table 
3. This table is similar to and includes all the models listed in a 
table previously published (3) together with the results of tests 
on 20 additional models. These later models include other 
thicknesses. They are for the most part long models designed to 
collapse in the region of instability. The models and their con- 
struction have been described in previous papers (3), (20). 

Test results can be compared with the predictions of all formu- 
las by using formula [9] as the connecting link between Tables 
1 and 3, and selecting the proper representative vessel in Table 1. 

A convenient graphical comparison of theoretical and experi- 
mental results follows. 


GRAPHICAL REPRESENTATION OF EXPERIMENTAL RESULTS 


Theoretical formulas give collapsing pressure as a function of 
two variables, the ratios L/D and t/D. A p-L/D coordinate 
system is commonly used to represent formulas graphically and 


TABLE 2 PERCENTAGE DEVIATIONS OF COLLAPSING 
PRESSURES CALCULATED BY VARIOUS INSTABILITY 
FORMULAS 
—From formula [1]—~ 
3] 4 


[5] 
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her formula [6 


[8] 


L/D 1 
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to compare them with experimental results. For every value of 
t/D a separate curve is required in such a system (4, Fig. 2) and 
it is difficult to plot and interpret experimental results. 

It is desirable, therefore, to introduce coordinates yo and Xo, 
defined as follows: 


for, it will be shown, in this coordinate system the points repre- 
senting all vessels in the instability region, with any t/D or L/D 
ratios, theoretically should fall on a single curve. With these 
coordinates formula [9], if the small (t/D)} term in the de- 
nominator is neglected, becomes 


0.00121Z 1 


which is identical in form to Euler’s equation. It may be noted 
from Eq [26] that ¥ is what is commonly called the hoop stress. 

Eq [28] shows that X» is analogous to the slenderness ratio, 
l/r, of column theory. This can be demonstrated in the follow- 
ing manner: Each bulge or half-lobe length of the circumferen- 
tial belt of a pressure vessel is analogous to a column whose 


D 1 
length is 1 = and whose radius of gyration isr = =t (5, 
2 


II, p. 506). It is seen that the analog of the slenderness ratio of 


column theory is 
l const. 


=> 
r  n(t/D) 
Using the simple expression for n given by Eq [24] in Eq [29] 
l 


r 


= 


Comparison with Eq [27] shows that 1/r is equivalent to do. 

Differences in the physical properties of the material of ex- 
perimental models can be corrected for by converting yo and A» 
to the variables 


Yo 
8y a 2s,(t/D) 


E 0.91 (t/D)* 
or, for z = 0.3 


~ Vz 


where s, is the yield point of the material. y may be called the 
“pressure factor” and \ the “thinness factor.”’ The relationship, 
Eq [28], remains unchanged by the transformation to the new 
variables and it is now independent of the properties of the mate- 
rial. This transformation, except for the (1 — u”)’/* factor, which 
is nearly unity, is the same as the one adopted by Osgood (21) 
for columns. Formula [9] can now be written 


1 
(0.91 7  (100t/D) 


A y,\ coordinate system is used in Fig. 2. The full curve 
represents Eq [34] for e = 0, and the broken curve for e = 0.15 
determined by Eq [35] for the arbitrary values 


. = 30,000,000 Ib per sq in. 
= per ag tn. 
=0.3 
t/D = 0.003 


The points shown: by circles in Fig. 2 represent the tested 
models listed in Table 3 and illustrate graphically the experi- 
mental results in that table. 

Fig. 2 is for tubes shorter than the critical length. Formula 
[9] does not hold for longer tubes and formula [A] must then be 
used. This latter formula can be represented in the y, \ coordi- 
nate system only by a series of horizontal straight lines, one for 


each t/D. 
DISCUSSION OF THE GRAPH, Fia. 2 a 


It will be noted from Fig. 2 that the broken curve does not 
differ greatly from the full curve in the region where either is 
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THINNESS FACTOR: A = 


Fia. 2 GRAPHICAL REPRESENTATION OF EXPERIMENTAL RESULTS 


(Solid and broken curves both represent the theoretical formula [9], the 
former neglecting the small (¢/D)'/2 term. Circles are experimental points.) 


applicable. The (t/D)'/* term in the denominator of formula [9] 
is thus shown to have small influence and in most cases can be 
neglected. 

It will be observed that the experimental points lie above the 
theoretical line representing formula [9] for large values of the 
thinness factor \, that is, for the instability region. This is be- 
cause the value of p given by a theoretical formula is really the 
“critical pressure” (22, p. 165) or pressure at which the deflec- 
tions increase rapidly, whereas the experimental points represent 
the ultimate collapsing pressures, which are considerably higher 
for long tubes. On the whole the experimental points check the 
theoretical curve fairly well. However, they begin to fall below 
it at a hoop stress equal to only about half the yield stress (y = 
0.5) which is far below the proportional limit. This seemingly 
premature beginning of the intermediate region is due primarily 
to imperfections in the models. 

In general, imperfections in a pressure vessel have considerable 
influence on their strength, largely because the position of the 
bulges formed, and thus the position of the equivalent columns, 
is determined - the initial irregularities of & shell. The 


| 

— 

— 
29) 

where 


t, D, 10-%y 10-*B 
in. in. Ib/in.? Ib/in.? L/D 
63 32 0.0310 16 26 31 2.000 
7} 53 16 0.0315 16 29 28 1.000 
* 57 16 0.0308 16 27 30 1.000 
54 0.0305 16 25 30 0.500 
56 0.0320 16 29 238 0.484 
2 55 4 0.0320 16 29 28 0.250 
40 32 0.0500 16 36 32 2.000 
~~? 41 24 0.0530 16 43 31 1.500 
49 24 0.0510 16 43 31 1.500 
oo 42 16 0.0530 16 43 30 1.000 
2. 51 15 0.0500 16 39 29 0.937 
47 12 0.0505 16 39 28 0.750 
1s 31 89/6 0.0476 16 30 29 0.547 
. 43 8 0.0520 16 44 28 0.500 
45 s 0.0510 16 40 31 0.500 
52 8 0.0490 16 39 29 0.500 
32 6 0.0510 16 31 28 0.375 
: 33 4 0.0516 16 31 28 0.250 
: 44 4 0.0518 16 44 28 0.250 
46 4 0.0512 16 40 31 0.250 
48 3 0.0493 16 39 28 0.187 
=A 50 2 0.0450 16 39 28 0.125 
. 61 32 0.0635 16 39 30 2.000 
59 16 0.0640 16 40 30 1.000 
62 16 0.0647 16 38 30 1.000 
58 s 0.0635 16 40 30 0.500 
60 4 0.0620 16 39 32 0.250 
= 65 32 0.0756 16 37 30 2.000 
64 16 0.0783 16 41 32 1.000 
66 8 0.0776 16 40 31 0.500 
: 68 32 0.0951 16 37 30 2.000 
67 16 0.0933 16 35 29 1.000 
73 8 0.0901 16 35 29 0.500 
70 32 0. 1092 16 39 30 2.000 
69 16 0. 1080 16 41 30 1.000 
71 5 0.1045 16 44 30 0.500 


effect of variation of a pressure vessel from true cylindrical form 
has been discussed in a previous paper (3). Definite manufac- 
turing tolerances have since been proposed (4, Fig. 4). The maxi- 
mum out-of-roundness or eccentricity of each tested model, 
measured as the variation in radius in the region of one bulge 
or half lobe length, that is, the equivalent column length, is given 
in Table 3. The eccentricity is expressed as a fraction of the 
thickness. All tested models comply with the proposed toler- 
ances. 


CoNCLUSION 


The principal instability formulas for the collapse of. thin 
cylindrical shells under external pressure do not differ greatly in 
the region where they are applicable in their predictions of either 
the collapsing pressure or the number of lobes. 

Probably the best instability formula for vessels subjected to 
both radial and axial pressure is that of von Mises, formula [6] 
of the list at the beginning of this paper. Both the collapsing 
pressure and the number of lobes given by this formula agree 
with experimental results in the instability region. 

Formula [9], a simple but excellent approximation to formula 
(6], may replace it in all practical computations, and is the in- 
stability formula recommended for the design of pressure vessels. 
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The development of fluid-meter nozzles for the precise 
measurement of turbine condensate during performance 
tests in central stations has been stimulated by the fact 
; that in a number of cases the usual weigh-tank installa- 
tions have not been made. A group of flow nozzles which 
has been used in such cases is described in this paper. 
The results of the calibrations of these nozzles are pre- 
sented and compared with those of some other experi- 
menters. 

The calibration results show that the flow coefficients of 
all the nozzles of the group can be represented as a single 
function of Reynolds’ number with an accuracy of a little 

better than per cent in flow coefficient. 
The comparison of the calibration results with those on 
: other nozzles shows that the nozzles with a gradual ap- 
proach curve and an appreciable length of cylindrical 
throat have coefficients which change less abruptly with 
‘S changing Reynolds’ numbers than nozzles with rapidly 
curving approach and short parallel throat. 


7 HE problem of measuring the flow of water in pipes has 
: been of particular interest to the General Electric Com- 
pany in making steam-turbine performance tests. The 
7 standard method of making such tests has been by means of 
weigh tanks installed in the generating stations of power com- 
, panies. As turbine sizes have increased, the flows have, of 
course, increased also, sometimes to such an extent that the 
cost of installing sufficient weighing equipment has been con- 
sidered too high. In some cases where no weigh tanks were 
installed the company felt the necessity of some form of equip- 
; ment for the precise measurement of the flow of condensate 
: to determine the performance of some of their turbines. The 
flow nozzles developed to satisfy this need are described in this 
paper, together with their calibration. 
Between 1930 and 1932 seven of these nozzles were built, 
‘all of which have been used to measure the flow of condensate 
during turbine-performance tests. They range in size from 
1'/, in. in diameter, which can be used to measure the condensate 
from-a 10,000-kw turbine, to 5 in. in diameter, which can be 
used to measure the condensate from a 160,000-kw turbine. 
These nozzles have been calibrated in the hydraulics labora- 


1 Turbine Engineering Department, General Electric Company, 
Schenectady, New York. Jun. A.S.M.E. Mr. Buckland was 
graduated from University of Colorado in 1923 with the degree 
of B.S. and was immediately employed by the General Electric 
Company as a student engineer in its testing department for the 
next two years. From 1923 to 1926 he was a member of the ad- 
vanced course in engineering given by the General Electric Company. 
In 1925 he entered the turbine-engineering department where he 
has since been engaged in development of improved flow passages 
and refined methods of flow measurement for test purposes. For 
the past five years he has supervised for the General Electric Com- 
pany all water-rate tests of their large steam turbines. 
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cepted until January 10, 1935, for publication in a later issue of 
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tory of the University of Pennsylvania by Prof. W. S. Pardoe. 
Four of the seven have been calibrated in two sizes of pipe so ; 
that there are eleven calibration curves on these seven nozzles. 

In addition to these calibrations, which were done with great 
care, there are available less accurate calibrations in oil and 
water on three very small brass nozzles, similar in shape to the 
seven larger ones. These three small nozzles were built for 
some experiments in which they were used to measure the flow 
of oil. 

The purpose of this paper is to describe these nozzles, to 


present the results of their calibrations, and to compare the 
results obtained on them with other data that have been pub- 
lished. 
Description OF NOZZLES 
Nine of the group of ten nozzles are shown in Figs. 1 and 2 


The seven nozzles built for turbine-performance tests are 
made of steel. Five nozzles of the seven are made of stainless 
steel with a smooth machined and polished inside surface. The 
other two are of machine steel with a smooth machined inside 
surface which is cadmium plated and polished. The steel 
nozzles are shown in section in Figs. 3 and 4. The approach 
curve to the cylindrical throat is a quarter ellipse machined 
true by the use of a cam. 

The three small nozzles are made of brass and range in diame- ‘ 
ter from 3/s to '3/;,in. On the brass nozzles the approach 
curve to the cylindrical throat is also a quarter ellipse but it 
is approximated by two radii and it is machined to a template. 

The proportions of the nozzles are given in Table 1. 


TABLE 1 

Nozzle 
diam., A Bb 
in D D D D 
1.253 1.00 0.650 0.500 0.350 
i. 1.752 1.00 0.625 0.500 0.250 
2.250 1.00 0.638 0.500 0.330 
2.999 1.00 0.666 0.583 0.250 
4.000 1.00 0.625 0.500 0.250 
B 4.021 1.00 0.625 0.500 0.250 
oS | 5.016 1.00 0.638 0.500 0.250 
1 0.3757 1.00 0.625 0.354 0.378 
0.4995 1.00 0.625 0.425 0.336 
0.813 1.00 0.625 0.390 0.350 


On the steel nozzles four static-pressure holes for measuring 
the down-stream pressure are drilled in the throat of the nozzle, 
a distance of half of a nozzle diameter down stream from the 
point where the appreach curve is tangent to the throat. On 
one nozzle (1.752 in. diam.) these holes are brought out sepa- 
rately. On the others they are connected to a manifold in the 
nozzle wall from which a single connection is brought out through 
the nozzle flange. There are two types of manifold arrange- 
ments, illustrated by Figs. 3 and 4. 

These static-pressure holes in the throat of the nozzle are 
made carefully as follows: After the inside surface of the nozzle 
is machined to its final form and polished, a plug is snugly fitted 
into the nozzle throat. The static-pressure holes are then drilled 
through into the plug and reamed. Then the plug is carefully 
removed and the holes are inspected with a magnifying glass. 
Generally, they are fairly clean but a wisp of wire edge may be 
present. If this is the case the spiral reamer is lightly twisted 
in the hole with the fingers and a hardwood rod is rubbed over 
the hole where it breaks through into the throat. These two 
operations are repeated until the wire edge is broken away and . 
the edge of the hole is clean and square. 
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One static-pressure hole for the upstream pressure measure- 
ment is drilled in the pipe wall one pipe diameter ahead of the 
face of the nozzle flange. 

The flanges of the nozzles are made thin enough to allow 
their insertion into existing station piping simply by springing 
the pipes apart at a joint. 

On the three small nozzles the downstream static pressure 
is measured by means of but one static-pressure hole placed 
approximately in the middle of the cylinder throat. 

The range of the ratio of the nozzle diameter to the pipe 
diameter covered by the group is from one-fifth to one-half. 
No larger ratio of nozzle diameter to pipe diameter than one-half 
is included because in planning these nozzles it was deemed not 
advisable to go beyond this ratio in order to insure the accuracy 
desired in the use of the nozzles. It was felt undesirable to 
have much more energy in the approach velocity of the stream 
than the one-sixteenth which results from a ratio of nozzle 
diameter to pipe diameter of one-half. 

The downstream pressure taps were put into the throat of 
the nozzle for several reasons. First, it was almost necessary 
in this group of nozzles to have a flange thickness of not much 
more than 1 in. because they were to be inserted in existing 
piping. This meant that the external shapes of the nozzles 
could not be made similar because the 5-in. nozzle would have 
to have a flange five times as thick as the l-in. nozzle. The 
difference in outside form is strikingly shown in Fig. 2. The in- 
side surfaces of the nozzles in Fig. 1 are all similar but the 
outside surfaces in Fig. 2 are not. It was felt that throat taps 
would be influenced by this dissimilarity much less than taps 
in the pipe wall or in the corner. Pipe or corner taps would 
probably be highly sensitive to this difference in outside form 
and to the dissimilarity resulting from changes in pipe size. 
Seeond, each nozzle before it was used in a water-rate test was 
to be calibrated. The holes in the throat are an integral part 
of the nozzle and are calibrated with the nozzle, whereas holes 
in the pipe would be different for each set-up. Third, the throat 
holes save making a static-pressure tap in the field. 


Fig. 


Figs. 1 anp 2 Group oF FLow Nozzies With GEOMETRICALLY SIMILAR INSIDE SURFACES 
(The six large nozzles have been used satisfactorily to measure condensate in turbine-performance tests; the three smaller ones to measure oil flow.) 7 
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It was recognized that because the throat is the point of 
highest velocity the throat holes would have to be carefully 
made, but it was believed that with care throat holes could be 
made which would check each other. This belief was borne 
out in the nozzle in which the taps were brought out separately. 
In this case the holes check one another within 0.1 per cent or 
better in pressure difference, 


Resvtts oF CALIBRATIONS 


The results of the calibrations are expressed in the form of 
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flow coefficients which are defined as the quantity C in the 
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equation 
2gh = throat diameter | 
Q = CYA; 1— p = fluid density 
n = fluid viscosity 
a" As; = nozzle-throat area, sq ft "sa _. The points in Fig. 8 fall very nearly on one curve except for 
R = ratio of throat diameter to pipe diameter : the data obtained on the three small nozzles. These nozzles 
2 y = fluid density, lb per cu ft : are included because they show the trend of the curve at the 
h = pressure differential, feet of flowing fluid 4 lower Reynolds’ numbers. 
. Q = flow, lb per sec The points in Fig. 8 which represent the aggregate of all the 
C = nozzle flow coefficient results on the steel nozzles scatter about twice as widely as the 
This definition is used by the iO 10* 10° - 
A.S.M.E. Special Research | 100 
Committee on Flui:] Meters | 
and it takes account of the | 
approach velocity. 
The results of the tests on 
the carefully calibrated steel 
nozzles are plotted against av- 96+ = — =“ 96 
erage throat velocity in Figs. » a . 
5 and 6. V4 2 
The results of the tests jon 94 bk 94 
the small brass nozzles are hy + 12. lo"x5016" WATER oe 
plotted against average throat ° " 
velocity in Fig. 7. he AS! 
The accuracy of the calibra- 92 4 1210 000} (92 
indicated by the scatter of the _ 8108'X2.250" 6IF 
points. Less weight should be 90 ba 250" 
given to these data than to the : . 26 GeaSi7s" " 56F | 
data on the large steel nozzles * 612X125 
because the calibrations on the 88 / 4.069°X 1253 6OF}+———88 
brass nozzle were less carefully vid X- 813, SOF. 
made. The calibrations with OIL 306 
water on the small nozzles were 6 
made with more care than those 3 suwu " 50C. 
with oil. 7 |.6I'X.4995" 30C, 
The results of all of the tests 84 " 40C.__ 84 
on all of the nozzles are plotted SOC. 
against Reynolds’ numbers in 
Fig. 8. The Reynolds number 
in this case is defined in terms 
of the throat diameter, as | 
Vdp 80 | | LT 80 
10° \o* Rd. 108 
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points on any individual steel-nozzle calibration curve in Figs. 
5 and 6. This scatter may be due either to a lack of similarity 
in the nozzles and their calibration arrangements, or to a change 
in the calibration instruments between one nozzle calibration 
and another. 

As far as similarity is concerned the nozzles are almost exactly 
similar except for the diameters of the pressure taps in the 
throat, and even these are approximately similar. 

In the calibration arrangements, however, no particular 
attempt was made to obtain similarity regarding the pipe rough- 
ness and the length of the approach pipe. Standard pipe was 
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(Nozzles grouped according to ratio of nozzle area to pipe area.) 
used for the approach with no change except the filing necessary 
to obtain a good upstream static-pressure tap in the pipe. The 
length of the approach pipe used in all cases was approximately 
12 ft. 

Of course, in plotting all of the points together in Fig. 8 it 
is assumed that the variation in the ratio of nozzle to pipe di- 
ameter, within the range of the tests, has no influence on the 
results. When there are no whirls in the approach, and the 
approach-velocity profile is not extremely ragged, it is im- 
probable that the variations in the data, due to the variations 
of pipe size, would be more than '/; per cent in flow coefficient. 

This figure of !/; per cent is merely an estimate. It is arrived 
at by the following considerations: With no upstream dis- 
turbances the flow approaching a nozzle must have a velocity 
breast either uniform, fully rounded, or something in between. 
If the velocity is uniform, the approach-velocity energy is 
exactly that accounted for in the definition of the flow coeffi- 
cient. The maximum difference between this amount of energy 
and the actual velocity energy in the stream occurs when the 
approach stream has a fully developed and rounded profile. If 
the approach pipe is very large, this difference is negligible 
because the velocity energy in the stream is negligible. As the 
approach pipe becomes smaller, however, the velocity energy in 
the pipe becomes a larger proportion of the nozzle energy and 
this discrepancy between the actual and assumed velocity energy 
would exert a greater influence on the coefficient. Since the 
actual velocity energy in the pipe is greater than the energy 
assumed in the definition, the flow coefficients for the smaller 
pipes might be expected to have the higher values. 

The velocity energy of the flow in a pipe with a fully developed 
turbulent profile is known to be approximately 6 per cent greater 
than the velocity energy of the same flow with a uniform velocity 
profile. This means that for a ratio of nozzle to pipe diameter 
of 1/2, there is approximately °/:. per cent in nozzle energy more 

actual velocity energy in the approach stream than is accounted 
for by the flow-coefficient definition. The nozzle coefficient 

; for a diameter ratio of '/2, therefore, might be expected to be 
: 1/, per cent higher than that for a zero ratio. 


the paper. 
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By similar reasoning, it might be concluded also that rough 
pipes would give higher coefficients than smooth ones. 

In Fig. 8 the results of the calibrations in water on the 0.813- 
in. and on the 0.376-in. brass nozzles are definitely higher than 
the average of the rest of the data. This difference might con- 
ceivably be assigned to pipe roughness or to nozzle-pipe-diame- 
ter ratio. However, a comparison of the curves on Fig. 9, 
on which the data from the more carefully calibrated steel nozzles 
are plotted in groups having the same nozzle-pipe area-ratio m, 
shows no definite trend with area ratio. Further, in this group 
of nozzle coefficients in Fig. 9, two 4-in. nozzles calibrated in 
10-in. pipes show results as much as !/, per cent difference in 
coefficient. When these points are considered there does not 
seem to be sufficient evidence to draw conclusions regarding 
the variation of coefficient with pipe size or pipe roughness. 
The author has, therefore, chosen to put a single curve through 
the data in Fig. 8 and to explain the high coefficients obtained 
with water on the brass nozzles and the scatter of the data on 
the steel nozzles as being due chiefly to differences in the nozzles 
themselves, or differences in calibration instruments. 

To establish the influence of pipe size, pipe roughness, or 
length of approach pipe on the nozzle coefficient, careful tests 
would have to be made covering a much larger range of ratios 
of nozzle to pipe diameter than was the case in these tests., , 

The two 4-in. nozzles in Fig. 9 are alike except for 0.021-in. 
difference in throat diameter and the difference in inside sur- 
faces. The larger nozzle has a cadmium-plated and polished 
surface and the smaller has a very smooth machined and polished 
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Fig. 10 SampLte TurBINE-PeRFORMANCE Test TO ILLUSTRATE 
Type or Data Ostatnep Usine THe GENERAL Evectrric Nozz_es 


stainless-steel surface. However, no difference in the polish 
and smoothness of these two nozzle surfaces can be detected 
either by sight or touch. 

Considering the data as a whole, none of the condensate- 
measuring nozzles shows flow more than '/; per cent away from 
the mean curve drawn through the data in Fig. 8. If +'/2 
per cent is acceptable accuracy, the mean curve in Fig. 8 might 
be used for the entire series instead of the specific calibrations 
for each nozzle. Of course, the nozzles are not simple. They 
are made with care, and in their use certain precautions must 
be taken to realize this accuracy. If the highest accuracy is 
desired, any nozzle should be calibrated under test conditions 
which duplicate as nearly as possible the conditions of use. 

A fair example of the data obtained measuring the condensate 
with one of these nozzles is shown in Fig. 10. _ 


Comparison OrHer Data 

A comparison of the flow coefficients obtained on the nozzles 
described with the coefficients obtained on several other types 
by other experimenters is shown in Fig. 11. The curve from 
Fig. 8 is labeled “G.E. Nozzle” in Fig. 11. The curves labeled 
“B. of Std. As, Bz, and D,’ are results published by Bean, Buck- 
ingham, and Murphy (1)? of the Bureau of Standards. 
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The General Electric nozzles and those of the Bureau of 
Standards are almost exactly the same shape. The approach 
curve to the cylindrical throat of the latter is a quarter ellipse, 
one diameter long and two-thirds of a diameter wide. The 
length of the cylindrical throat on nozzles Az and B; is one-half 
the throat diameter and on D, it is one throat diameter. The 
Bureau of Standards nozzles, however, do not have throat taps. 

The Bureau of Standards nozzles were calibrated in air while 
discharging from a 36-in. pipe into the atmosphere. The up- 
stream pressure was taken as the impact pressure in the large 
pipe and the downstream pressure was taken as that of the 
atmosphere. 

The coefficients of a 5-in. nozzle C; of the same proportions 


as A, and B, were given in the paper previously mentioned (1), 


but the results are not shown here because the curve fell almost 
exactly on the curve B, These four Bureau of Standards 
nozzles range from 13/, to 5 in. in diameter and they were cali- 
brated over a range of pressure drop of from 0.25 to more than 
26 in. of water although no results are given in the paper above 
the 26-in. point. The results from the four nozzles cover about 
the same range of Reynolds’ numbers, from 60,000 to 600,000. 
The Bureau of Standards coefficients check our curve closely. 
However, below Reynolds’ numbers of 100,000 the curve for 
nozzle D, begins to be higher than ours. This agreement indi- 
cates that the pressure measured in the throat of our nozzles 
would be atmospheric if the nozzles were discharging into the 
atmosphere, as was the case with Bureau of Standards tests. 
The curve marked “M. and J. curve 1” is the result of cali- 
brations made with steam on a 2.2-in. nozzle by Moss and 
Johnson at the Lynn Works of the General Electric Company (2). 
Our nozzles are somewhat the same shape as this Moss and 
Johnson nozzle. Like our nozzles this M. and J. nozzle No. 1 
measures the downstream pressure in the throat but the static 
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hole is much closer to the point where the approach curve is 
tangent to the throat than is the case with our nozzles. The 
proportions of this M. and J. nozzle No. 1 are shown in the table 
in Fig. 11. The dimension C is the distance from the point 
where the approach curve is tangent to the throat to the point 
of measurement of the static pressure. 

The Moss and Johnson calibrations on this nozzle No. 1 were 
in 215 lb per sq in. absolute pressure, 75 deg superheated steam 
with pressure drops ranging from '/, to 6 per cent of the initial 


pressure. These conditions brought the tests into a rather 
high range of Reynolds’ numbers (from 700,000 to 4,000,000). 
The upper values of the Moss and Johnson coefficients check 
our curve exactly. The lower values, however, are about 1 
per cent lower than our curve. The experience with incom- 
pressible flow in nozzles generally has indicated that in the 
range of Reynolds’ numbers covered by the Moss and Johnson 
tests” the nozzle coefficient is independent of the Reynolds 
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Fig. 12 Fiow Coerrictents Os- Fic. 13 Sketcu or BAILEY METER 
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Tuetr Nozzie No. 2 anDA on It From CAuiIBRATIONIN WATER 
SKETCH OF THE NOZZLE AT THE Onto StaTE UNIVERSITY 


number. The drop in coefficient indicated by the low end of 
the Moss and Johnson curve is extremely unusual at these 
high Reynolds’ numbers. 

The curve labeled ““M. and J. curve No. 2” is the result of 
calibrations in steam by Moss and Johnson on a 5.745 by 2.2086 
in. nozzle. The data on this nozzle have not been published 
before, and, therefore, it seems advisable to show the test points 
and a sketch of the nozzle. These are shown in Fig. 12. 

As described to him by Mr. Johnson to whom the author is 
indebted for the data, this nozzle was very carefully calibrated 
using two steam condensers. The second condenser was used 
to catch the steam carried in the air going to the ejectors. 

This Moss and Johnson nozzle No. 2 is almost exactly the 
same shape as the G.E. nozzles. The approach curve is a 
quarter ellipse which is approximated by two radii. It is two- 
thirds of a nozzle diameter wide and 0.97 of a nozzle diameter 
long. The cylindrical throat is three-quarters of a diameter 
long and the downstream pressure is taken in the throat at 
the same point as it is in our nozzles. The only essential differ- 
ences of this nozzle from our nozzles are its flat exit face and 
its manner of bringing out the throat-pressure taps. 

The Moss and Johnson curve No. 2 agrees very well with the 
results on the G.E. nozzles. This agreement indicates that the 
two main differences of our nozzles from this nozzle have very 
little effect on the flow coefficient. 

The curve marked “‘B.M. nozzle” is the result of a calibration 
in water of a 12 by 7.554 in. nozzle built by the Bailey Meter 
Company and calibrated at Ohio State University. For these 
data and the permission to show them the author is indebted to 
R. E. Sprenkle, of the Bailey Meter Company. The calibration 
points and a sketch of the nozzle are shown in Fig. 13. 

The B.M. nozzle is approximately the same shape as our 
nozzles. The approach curve is a quarter ellipse, which is 
approximated by two radii. It is 0.6 of a nozzle diameter long 
and 0.5 of a diameter wide. The cylindrical throat is one-third 
of a diameter long. The downstream pressure, however, is 
taken in the pipe wall at a point shown in the sketch in Fig. 13. 

This B.M. nozzle curve falls directly on top of the M. and J. 
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curve No. 2, and it checks the curve representing the data on 
our nozzles very closely. The B.M. nozzle has the largest 
ratio of nozzle to pipe area of any of the nozzles shown in Fig. 11 
(m = 0.394). 

Fig. 14 is a comparison of our curve, Fig. 8, and some results 
on the German standard nozzle of 1930 (Deutsche Normdiise 
1930) for which under the name of rounded orifice (abgerundete 
Drosselscheibe), coefficients were given by Witte in 1928 (4). 
The three curves marked “D.I.N. 1952” are taken from the 
German rules of 1932 for flow measurement with standard 
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Fie. 14 Comparison OF COEFFICIENTS ON GENERAL ELECTRIC 
Nozzites COEFFICIENTS ON THE GERMAN STANDARD NOZZLE 
(Normptse) 


(The Normdise coefficients are modified to make the sets of data com- 
parable as regards definition of coefficients and methods of measuring the 
pressure differential.) 


nozzles and orifices. The curve marked “Witte” is the result 
of calibrations by Witte on a 0.59-in. diameter Normdiise in 
water, benzine, and four different oils (4). The curve marked 
“Giese” is the result of calibrations at low Reynolds’ numbers 
in oil on a 0.47-in. diameter Normdiise 1930 (5). 

On all the coefficient curves of the Normdiise 1930, in Fig. 14, 
three corrections have been applied. The first is to take care 
of the difference in definition of flow coefficient, used by the 
Germans, from that used in this paper. The second and third 
are to change the Normdiise coefficients to what they would 
have been had the upstream pressure been measured one pipe 
diameter upstream from the nozzle face and the downstream 
pressure at the point of minimum pressure on the pipe wall on 


the downstream side of the nozzle. For these two corrections 
the results of Witte’s measurements of pressure difference be- 
tween the corner pressure taps and points along the pipe wall, 
both up- and downstream, were used (3) and (4). 

The point of minimum pressure on the down-stream pipe 
wall was used as a basis for comparing these German nozzles 
with ours because it corresponds more closely than the corner- 
tap pressure to the throat pressure in our nozzles. The coeffi- 
cient of the Normdiise based on a downstream pressure tap at 
the point of minimum pressure on the pipe wall would correspond 
to the coefficient obtained with Normdiise discharging into an 
infinite chamber. This is borne out by a comparison of the 
measurements by E. Stach (6) of the coefficient of the Norm- 
diise, discharging freely into the atmosphere, with the measure- 
ment of pressure distribution along the downstream pipe wall 
by Witte (3) and (4). This difference between the corner-tap 
pressure and the minimum pressure on the pipe wall is, according 
to Witte, about one per cent of the nozzle velocity head at an 
area ratio of 0.09. 

The sharp irregularity of the Normdiise coefficients between 
values of the Reynolds number of 30,000 and 50,000 indicates 
a rapid and radical change in the character of flow in the nozzle 
between these points. This sharp irregularity as shown in 
Fig. 14 is a faithful reproduction of the results given by Witte 
in 1928 and the V.D.I. Regeln limit the use of the calibrations 
on the Normdiise to flows above this rather uncertain place. | 
The sharp entrance curve and short cylindrical portion, to- 
gether with the fact that a maximum value of the coefficient 
on Fig. 14 is about 0.975, would seem to indicate that the 
jet separates from the nozzle walls somewhere in its passage 
through the nozzle. 

The original name used by Witte, “rounded orifice,’ or, 
literally, “rounded throttle disk,’’ seems to us more appropriate 
than “nozzle” to describe this measuring device. 
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The Test Performance of Hidbon 


This paper presents the results of an acceptance test on 
one of the largest stokers in operation at the present time. 
The main purpose of the paper, however, is to illustrate the 
procedures developed for measuring those losses which are 
commonly allowed to appear in the unaccounted-for item 
of the energy balance. These losses are the hydrogen and 
hydrocarbon losses, and the carbon-monoxide loss which is 
in excess of that indicated by the conventional type of 
Orsat apparatus. Usually, part of the cinder loss appears 
in the “‘unaccounted-for’”’ because it is seldom determined 
with the accuracy which the magnitude of this loss as 
determined from the method described would seem to 
warrant. The completeness with which the losses in the 
present test have been measured is evident from the low 
value obtained for the radiation and unaccounted-for item 
of the energy balance. 

A high rate of combustion (75 lb per hr per sq ft) was 
carried for 48 hr at an efficiency of 77 percent. The super- 
heater produced approximately constant steam tempera- 
ture over the full range of loads. 


URING the field development of stokers for high rates of 

combustion with the minimum loss in efficiency, complete 

and accurate measurement of stoker and boiler losses has 
been found necessary. Some of the losses which are commonly 
allowed to appear in the unaccounted-for item of the energy bal- 
ance have been found to be greater than previously expected. 
Special attention has been given by the Brooklyn Edison Com- 
pany, Inc., to improving the accuracy of the usual measurements, 
and test scopes have been broadened to include the determination 
of hydrogen and hydrocarbon losses. A preliminary report of 
this work was made at the meeting of the A.S.M.E. Fuels Division 
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t Recent Steam-Generating Units 


By P. H. HARDIE! ano W. S. COOPER,? BROOKLYN, N. Y. 


in Chicago in 1931.3 The test reported in this paper represents 


the culmination of this work. as 
DESCRIPTION OF UNIT 


The unit designated as No. 74 boiler was selected for test be- 
cause it is equipped as the test boiler of the group. Briefly, the 
boiler is of the Ladd type and has 24,450 sq ft of heating surface, 
3846 sq ft of furnace water walls, 5740 sq ft of superheater sur- 
face, and 22,400 sq ft of economizer surface. The furnace volume 
is 14,000 cu ft. 

The stoker installed under the boiler is a 15-retort, 69-tuyére- 
length, underfeed type having a projected grate area of 694 sq ft. 
The wind box is equipped with zoned air control which permits 
hand control of the rate at which air is supplied to the various 
sections of the grate. One forced-draft fan of 200,000 cfm ca- 
pacity and two induced-draft fans of 155,000 cfm each serve 
this unit. The general layout and arrangement of the equipment 
is shown in Fig. 1. A more detailed description of the equip- 
ment is to be found in the companion paper, “Ten Years of 
Stoker Development at Hudson Avenue,” by J. M. Driscoll and 
W. H. Sperr, and also in Power, May 31, 1932. 


OPERATING CONDITIONS 


In preparation for the test the boiler, superheater, and econo- 
mizer were thoroughly cleaned and the stoker was put in prime 
operating condition. The setting was tested for leaks by closing 
the flue damper and operating the forced-draft fan while a dense 
smudge was produced in the furnace with titanium tetrachloride. 
All visible leaks were eliminated. 

The fuel used was the regular station run of coal which was 
Pennsylvania semi-bituminous. Hot feedwater was supplied to 
the economizer for each run at a constant temperature corre- 
sponding to that specified in the contract. 

Except for the two runs at the highest load the testing was 
continuous, i.e., without recess between runs. This procedure 
has the advantages that the testing period is reduced, and the 
influence on the results of possible differences in fuel-bed thick- 
ness between the beginning and end of runs is minimized. The 
latter holds because any difference on one run is compensated for 
by a corresponding difference in the opposite direction on other 
runs. Although the prescribed preliminary period at constant 
load was eliminated, the changes in load were small and required 
only about five minutes. 

The automatic-control features on the boiler were shut off and 
all adjustments were made manually. The method of operation 
was left to the discretion of the stoker manufacturer’s engineers. 
At all times there were one manufacturer’s engineer, his assistant, 
and a station-stoker operator assigned to the operation of the 
stoker. 


Test PROCEDURE 


Ten 24-hr runs were made at five loads from 170,000 to 500,000 
Ib of steam per hr. The first eight runs were conducted without 


3 Report made to the Fuels Division by W. F. Davidson, Director 
of Research, Brooklyn Edison Company, Inc. 

4A paper which is also to be presented at the 1934 A.S.M.E. 
Annual Meeting. 
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interruption, beginning at the lower steam flow and ascending to 
400,000 lb per hr, then the same series of loads was repeated but 
in the reverse order. The two runs at 500,000 lb per hr were also 
made without interruption but not immediately following the 
other runs. 

Feedwater. The boiler-feedwater circuit was completely iso- 
lated by means of double valves, and the feedwater flow was 
measured by means of the station weighing tanks. Fig. 2 is a line 
diagram showing this circuit. Feedwater was obtained from the 
boiler-feed suction header, the water having previously passed 
through the low-pressure stage of feed heating. After weighing, 
the water was returned to an isolated steam-driven boiler-feed 
pump in the turbine-room basement. From this feed pump the 
water passed through a specially isolated high-temperature re- 
generative heater of one of the turbine units. A load slightly in 
excess of that necessary was carried on this unit, while the feed 
temperature was regulated and maintained at the contract value 
for each load by means of a by-pass valve. 

Fuel. The coal used during the test was weighed and supplied 
to the stoker hopper at regular intervals (15 to 30 min) from the 
station weigh lorry. After each filling a scoop of coal was taken 
from several sections of the hopper for chemical analysis and heat 
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grinding. Counters actuated from the driving ratchets on the 
clinker rolls served to indicate when samples should be taken. 
The refuse remaining in the hopper after sampling was sluiced 
out. After several samplings, the refuse retained (approximately 
50 lb) was crushed and reduced by riffling to a laboratory-size 
sample. In assigning the refuse samples to their respective runs 
a time lag was allowed, based on the number of clinker-roll revo- 
lutions required for the refuse to pass from the top of the ash- 
pit through the rolls. 
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Cinders. The lack of any standard procedure 


for, and difficulties encountered in measuring 
s2 7 a the cinder loss have often deprived this phase 

_ a vd > of boiler testing of the attention it should re- 

No. 74 ceive. The apparatus and procedure used on 
— 3 this test, while not new, represent the culmina- 

ig tion of several years of experience. Much of this 

experience was gained in connection with dry 

‘< _ cinder catchers where the total amount of cinders 
caught was weighed. These data provided a 

A HIGH PRES check on the sample determinations at the inlet 

and outlet ducts, and have demonstrated the ac- 

aN 7 curacy of the method. 

7 _ € opt The cinder sampling on the present test was 
— [ | done in the vertical length of duct between the 
economizer outlet and the cinder-catcher inlet 

} by means of 12 one-inch sampling tubes. (See 
tank TANK Fig. 3.) The inlet ends of the tubes, which 
pointed against the direction of gas flow, were 
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Fig. 2. DiaGraM or Test-FEEDWATER CIRCUIT 
value. The amount collected each time was sufficient to fill a 
pail (approximately 18 lb). To reduce the quantity to be saved 
after each collection, the coal was ground and reduced to one- 
tenth its original amount in a motor-driven crusher-sampler. 
The total amount thus collected during each of the runs was 
reduced to the volume of a quart fruit jar by riffing. For mois- 
ture determination, a separate and independent sample sufficient 
to fill a quart fruit jar was collected every hour. At the end of 
each four-hour period the coal in the four jars was mixed and 
reduced to one quart by means of a riffle. Special care was taken 
to make sure the moisture samples were sealed against leakage. 
The laboratory analysis of the coal was made in accordance with 
the A.S.T.M. standard procedure. 

Refuse. The ashpit refuse was sampled through three doors in 
the hopper under the clinker-grinder rolls at intervals such that 
the quantity of refuse collected was proportional to the amount of 


spotted at the centers of 12 equal areas into which 
the duct was divided. Each tube extended out 
of the duct into a large glass jar, and had at- 
tached to its end a wool filter bag. A second 
tube led out of each jar to a flow nozzle which 
discharged into a manifold connected to a steam 
ejector. U-tube manometers connected across 
the nozzle served the dual purpose of indicating 
the gas flow, and of acting as a guide to the operator in maintain- 
ing a constant rate of flow. 

The rate of flow for each sampler was regulated to give a 
velocity through the sampling-tube tip equal to the velocity in 
the duct at the respective points as determined by means of a 
pitot tube and thermocouple traverses made prior to the test. 
At the lower loads the sampiers were kept in continuous operation 
except for the short time required for several changes of bags 
duringeachrun. At high loads the outage time increased until at 
maximum load the samplers were in operation only ten minutes 
of each hour. The average cinder concentration (pounds of 
cinder per pound of gas) obtained in this manner multiplied by 
the total gas flow through the boiler gave the pounds of cinders 
leaving the boiler. The cinders collected for each run were re- 
duced by riffling to a laboratory-size sample. 

It might be noted at this point that some of the cinders pro- 
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duced were caught at the bottom of the third boiler pass rather 
than in the cinder catcher. These were then returned to the ash- 
pit through four cinder return lines. 

Gas Sampling. The flue gas was analyzed in the field using 
Williams’ Orsat apparatus closely following accepted practise on 
these measurements. Samples were taken from the boiler outlet 
and economizer outlet through six lines equally spaced across the 
duct at each location. For the gas from the economizer outlet a 
bubbling bottle was used as a guide to regulate the flow and to 
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mix the gas from the six lines. An ejector maintained a continu- 
ous flow and a continuous sample was drawn by means of aspi- 
rating bottles every 15 minutes. 

For sampling the gas at the boiler outlet, the same frequency 
and method as the foregoing were used with the following excep- 
tion: Instead of using a bubbling bottle for indicating the uni- 
formity of the gas flow from each sampling line, the gas from each 
passed through a glass orifice which had a U-tube manometer 
connected across it to indicate the flow rate. See Fig. 4. This 
possessed the advantage, over the use of a bubbling bottle, of 
freedom from solubility of the gas in water. The gas leaving all 
of the nozzles discharged into the bottom of a dry mixing bottle 
and the composite sample was drawn off at the top. Continuous 
gas flow was induced by an ejector. The Orsat apparatus was 
used in the field for analyzing these samples, but parallel samples 
were taken for laboratory analysis as described in the following. 

Laboratory Gas Sample. The gas samples for laboratory de- 
termination were collected in 2000-cc glass flasks which were 
filled with mercury, then allowed to discharge at a constant rate, 
thereby drawing a continuous gas sample. The mercury in the 
glass flask was allowed to discharge into a steel leveling cylinder 
through a glass capillary serving as an orifice in the tube connect- 
ing flask with cylinder. The cylinder, which was suspended by — 


‘in a combustion chamber. 


means of a differential hoist, was lowered at such a rate as to 
maintain a 5-in. differential across the capillary. In this manner, 
the gas flask and bulb below were filled with gas in four hours. 
Before disconnecting the flask the gas in the bulb was compressed 
into the flask thereby producing a slightly positive pressure which 
prevented contamination from leakage. 

Special Gas Analysis. The laboratory determination of carbon 
monoxide (CO) in each sample was made separately with an 
iodine-pentoxide train. This was done by first passing the gas 
sample through a tube containing ascarite to remove CO, and 
other acidic gases, such as SOs, HS, ete; then through a liquid- 
oxygen trap to freeze out other contaminants; then through a 
preheater filled with glass beads maintained at a temperature of 
150 C (302 F); and finally through a tube containing iodine 
pentoxide (I,0;). The iodine liberated as indicated in the 
equation 


we 


was led into a flask where it was absorbed in a 10 per cent potas- 
sium-iodide solution. The amount of iodine liberated was 
determined by titrating the solution with sodium thiosulfate, 
using starch as the indicator. With the amount of iodine known, 
the amount of CO in the sample was computed from the foregoing 
equation. 

A modified Burrell-Oberfell Orsat apparatus was used for the 
determination of hydrocarbons. The sample of gas, after intro- 
duction into the precision burette, was passed through the first 
pipette containing a 30 per cent solution of potassium-hydroxide 
to remove CO, and the other acidic gases. The oxygen in the 
sample was removed by passing it through the second pipette 
containing sodium hyposulphite (Na2S,0,) solution. After several 
passes through the latter solution, the remainder of the sample 
was temporarily stored in this pipette while purified oxygen, 
stored in the third pipette, was passed over into the burette and 
its volume measured. The sample in the second pipette was next 
returned to the burette and the increase in volume read. This 
mixture was then passed four times over a heated platinum spiral 
During this operation all combusti- 
bles, including carbon monoxide, were oxidized to carbon dioxide 
and water. The resulting gas was then passed back to the 
burette and the shrinkage due to combustion read. The CO, 
formed was determined by finally passing the gas again through 
the potassium-hydroxide solution. Some of this CO, resulted 
from the CO in the original sample, but since this gas was sepa- 
rately determined in the pentoxide train, the amount of CO, due 
to the combustion of the total hydrocarbons was found by differ- 
ence. From these data the hydrogen and total hydrocarbons in 
the original sample were computed.’ While several hydro- 
carbons probably existed in the flue gas, their individual identity 
was unknown with the present technique of analysis. In this 
paper, the hydrocarbons have been assumed to be entirely 
methane gas (CH,). The error in this assumption is not sig- 
nificant because the heats of combustion of all the probable 
constituent (gaseous) hydrocarbons per volume of CO, formed by 
combustion are nearly the same. 

The dry-gas loss and gas-flow rates have been computed from 
the gas analysis at the boiler outlet using the laboratory analysis. 

Temperatures and Pressures. All temperatures were read every 
15 minutes by means of iron-constantan thermocouples all of 
which were connected to a single selector switch by iron-con- 
stantan leads. A compensated temperature indicator was used. 
The chief advantage of using thermocouples is that a single ob- 
server can take all temperature readings, and further, that the 


5 For complete description see ‘‘Modified Flue-Gas Analysis,” 
by Dr. R. N. Evans, to be published in Journal of Industrial and 
Engineering Chemistry. 
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TABLE 1 SUMMARY OF DATA AND RESULTS 
Load 
Steam generated, thousand lb per hr....... 174.4 
Fuel, Prozimate Analysis (as Fired) 
Fuel, Ultimate Analysis (as Fired) 
Oxygen, per cent..... oth 3.6 
Nitrogen, per cent 1.3 
Sulphur, per cent..... 
Dry air required for ideal combustion, lb per lb coal................ 10.4 
Flue Gas, Economizer Outlet 
Pressures and Drafts 
Moisture in steam leaving drum, per 0.7 
Steam pressure in drum, |b per sq in. 426 
Steam pressure of superheater outlet, lb per sqin. abs.............. 421 
Pressure drop in superheater, lb per sqin....................0.0050. 5 
Pressure drop in economizer, lb per sq in... 13 
Air pressure in stokar plenum, in water..... 1.3 
Air pressure under extension grate, in water....... 0.7 
Air pressure under ashpit, in Water... 0.3 
Draft at economiser outlet, in 
Draft at cinder catcher outlet, in water..................cceeeeeee 1.2 
Temperatures 
Relative humidity of air, per cont... 46 
Flue-gas temperature at boiler outlet, 594 
Flue-gas temperature at economizer outlet, F....................05 274 
Feedwater temperature entering economizer, F.................... 212 
Feedwater temperature leaving economizer, F...................... 318 
Steam temperature at superheater outlet, F 711 
Refuse and Cinders 
Combustible in ashpit refuse, per cent....... 0.6 
Cinder concentration, lb cinders per thousand lb dry gas............ 0.59 
Cinders per thousand Ib of coal, 7.3 
Heating value of cinders, Btu per Ib........... 4990 
Unit Quantities 
Rate of combustion, lb coal per hr per sq ft of grate area........... 23.8 
Rate of energy development in furnace, thousand Btu per hr per cu ft. . 16.2 
Rate of steam generation, lb per hr per sq ft of boiler surface!....... aim 
Rate of energy transfer, Btu per hr per sq ft of boiler surface!....... 6490 
Rate of energy transfer, Btu per hr per sq ft of superheater surface. . 5120 
Rate of energy transfer, Btu per hr per sq ft of economizer surface... 840 
Increase in enthalpy in steam-generating unit, Btu per Ib........... 1187.0 
Efficiency and Energy Balance 

Efficiency of steam-generating unit, per 90.0 

nergy loss due to moisture in air, per cent................2ee000 0.1 
Energy loss due to moisture in coal, per cent...........-..0eeee0ee 0.3 

inergy loss due to moisture formed by burning of H:, per cent...... 3.0 
Energy loss due to incomplete combustion of carbon (COQ), per cent.. 0.2 
Energy loss due to unburned hydrogen, per cent...............+00- 0.1 
Energy loss due to unburned hydrocarbons, per cent............... 1.1 
Energy loss due to combustible in ashpit refuse, per cent............ 0 
Energy loss due to combustible in cinders, per cent................. 0.3 
Energy loss due to iation, and unaccounted for, per cent......... 0 
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indicator can be located where working conditions are conducive 
to careful readings. 

Independent pressure and draft gages rather than the station 
instruments were observed during the test. Duplicate gages, 
one on each side of the boiler, were provided for all readings 
which were observed every 15 minutes. 

Calibrations. Weigh tanks, coal lorry, and all pressure gages 
and thermocouples were calibrated and corrections applied to 
the data reported. 


Test Data AND REsULTS 


The principal test data and computed results are given in 
Table 1, and are also shown in curve form plotted against output 
in Figs. 5, 6, 7, and 8. 

The completeness with which the losses have been measured is 
evident from the energy balance. The radiation and “un- 
accounted-for,” while varying for the different runs, is consis- 
tently low. The zero value for the first run and negative value 
for the second run followed by the high value for run 3 seems to 
indicate a reduction of fuel-bed thickness during the first two runs 
which was restored to normal on run 3. The foregoing is further 
substantiated by the high efficiency obtained on run 2 even 
though the carbon monoxide and hydrocarbon losses were con- 
siderably above the average. 

With the exception of run 3 the efficiencies obtained are quite 
consistent giving a gradually dropping curve when plotted against 
output as shown in Fig. 5. The dry-gas and cinder losses are the 
only two which vary appreciably with load, and are the ones that 
cause the reduction of efficiency with increase in load. At the 
maximum load during test (565 million Btu per hr), these two 
losses were approximately equal. Small increase in load, how- 
ever, would be required for the cinder loss to exceed the sum of all 
the other losses, yet no procedure for this measurement is included 
in the 1930 edition of the A.S.M.E. Power Test Code for Station- 
ary Steam-Generating Units. 

While the unburned hydrogen loss was consistently negligible 
on this test, the hydrocarbon loss was sufficiently large on all runs 
to justify its measurement. The maximum average value of the 
hydrocarbon loss was 2.4 per cent for run 2. 

The gas data reported for the boiler outlet are based on labora- 
tory analysis and those for the economizer outlet on Orsat analy- 
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sis. The percentages of CO by field Orsat apparatus at the 
boiler outlet are not reported but since they were the same as the 
values measured at the economizer outlet, the later values can be 
used in comparing the difference between the field and laboratory 
measurements for CO. The difference between laboratory and 
field analyses is not appreciable except on a few of the runs where 
the true values of CO were in excess of one-tenth of one per cent 
by volume. Based on this test one might reasonably conclude 
that the use of an iodine-pentoxide train is not justifiable. On 
the other hand previous tests have shown the reverse to be true. 
Since cuprous chloride is noted for its unreliability as an absorbent 
for CO and other substitute absorbents have been found equally 
unreliable, the iodine-pentoxide method for CO determination 
should be included as a check on the Orsat determinations. 

From Fig.7 it can be seen that a nearly constant steam tempera- 
ture was obtained over the full range of test loads. 

It seems worthy of note that an output of a half-million pounds 
of steam per hour at an efficiency of 77 per cent could be main- 
tained by this unit, as it was, for 48 hours. At the end of this 
period the fire was still in good condition. Apparently, once a 
good start has been made this load can be maintained for even 
longer periods. 

The efficiencies reported are gross, not net, in that auxiliary 
power has not been deducted. The auxiliary energy consumed, 
based on the coal which was required for its generation, varies 
from 1.3 per cent at the lowest test load to 2.3 per cent at the 
higher test load. 
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Forced-circulation, once-through steam generators of 


* large capacity are constructed of several parallel circuits 


- connected between inlet and discharge headers. Unequal 
flow distribution between these circuits, possibly re- 
sulting in tube failure, may be due to unequal frictional 
resistances, unequal heat absorption, or improper ar- 
rangements of circuits. The investigation which is re- 
ported in this paper was undertaken in order to determine 
the effect of unequal heat absorption, unequal circuit 
resistances, and the location of equalizers upon the flow 
distribution in the circuits of forced-circulation steam 
generators. 

Pressure-drop calculations were based on the measure- 
ment of friction factors of water at temperatures be- 
tween 57 and 694 F; also, of superheated steam at pres- 
sures between 1120 and 3578 lb per sq in abs with a maxi- 
mum temperature of 806 F. Head-loss measurements 
were made with a special glass manometer for pressures 
up to 2200 lb per sq in., and for higher pressures by radio- 
graphs of the mercury level in a steel-tube manometer. 

An analysis of flow distribution between parallel circuits 
leads to the following conclusions: 

(1) Parallel circuits connected between the feedwater 


header and the superheater outlet header are unstable, 


steam generators of large capacity requires the use of a 
number of parallel circuits connected between intake and 
discharge headers. One of the fundamental problems involved 
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the pressure drop being nearly independent of the flow 
rate. Consequently, slight variations in frictional re- 
sistance or heat-transfer rates may result in decreased 
flow and in overheated tubes. 

(2) The flow in unstable circuits can be controlled 
by the use of an inlet resistance such asa section of small- 
diameter tube. 

(3) The use of a common header or equalizer on each 
side of the evaporating zone will stabilize the flow in 
parallel circuits. 

(4) Superheater and economizer circuits are more 
stable than evaporating-zone circuits. 

(5) If only one equalizer is used, it should be placed at 
the end of the economizer section rather than at the end 
of the evaporating surface. 

(6) The stability of circuits is independent of their 
capacity. 

(7) The stability of superheater circuits is independent 
of pressure. Combined evaporating zone and super- 
heater circuits are more stable at high pressures. 

Curves are presented to show the extent to which the 
enthalpy of the steam and of the water delivered from 
parallel circuits will vary as a result of unequal circuit 
resistances and unequal heat absorption. 


in the design of such a steam generator is the control of the flow 
through the various parallel circuits in order that the flow in 
each circuit will be stable and the enthalpy of the fluid discharged 
from any individual circuit will be close to the average of that 
from all circuits. Unequal flow distribution may result in over- 
heated tubes. Unbalanced flow in parallel circuits may be due 
to unequal resistances caused by different lengths of circuits, 
variations in internal tube diameter or roughness caused by 
scale deposits or corrosion, or partial obstructions at welds. Un- 
balanced flow may also be caused by unequal heat absorption 
in parallel circuits, due to the unsymmetrical arrangement of 
heating surfaces, slag accumulations, or part-load operation 
with burners out of service. Unstable flow may be the result 
of improper location of equalizers or of the other means of con- 
trolling the flow. 

The investigation discussed in this paper was undertaken in 
order to determine the effect of unequal heat absorption, unequal 
circuit resistances, and the location of equalizers upon the flow 
distribution in the circuits of forced-circulation steam generators. 


EqQuaTIONs oF 


The equation for the turbulent flow of a non-compressible 
fluid is that of Fanning and is expressed by 


where dP = differential pressure drop due to friction, lb per 


sq ft 
dL = differential length of pipe, ft — 
f = friction factor 
V= ft 
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= acceleration of gravity, 32.2 ft/sec? - 
density of fluid, lb per cu ft ‘) i ‘ 
pipe diameter, ft 


= hydraulic radius = D/4 fora circular pipe 


The numerical value of the friction factor f is dependent upon 
the roughness of the pipe and upon the dimensionless Reynolds 


VD, 
number, —— = 


where uw = absolute viscosity, lb/sec ft -—_ 
G = mass-flow rate, lb/sec sq ft 
The fundamental equation for the turbulent flow of a com- 
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pressible fluid in a long, straight, horizontal pipe, either with or 
without heat transfer, is given by Goodenough (1)* as follows: 


_ VdaV 


where v = specific volume, cu ft/lb = 
Then, since V = Gv and dV = Gdv 
Gvdv 
gv 


adil 


Integrating between P; and Ps, », and m, 0 and L, gives the 
equation reported by McAdams (2). 


— 


4faG*vaL 


where f, and », are integrated or mean values. 


= 


Viscosity OF STEAM AND WATER 


Inasmuch as the calculation of 
pressure drop by any one of these 
equations involves the use of a fric- 
tion factor, which is a function of the 
Reynolds number, a rational solu- 
tion of the problem requires a knowl- 
edge of the viscosity of steam and 
water. A survey of the literature 
shows that the absolute viscosity 
of water is known quite accurately 
below 212 F and that some determi- 
nations have been made at tempera- 
tures between 212 and 320 F. 
Above 320 F, the field is virtually 
unexplored. 

The viscosity of superheated 
steam at atmospheric pressure is 
known with sufficient accuracy for 
engineering calculations. The effect 
of pressure upon the viscosity of 
superheated steam has been de- 
termined by Speyerer (3) at pres- 
sures up to a maximum of ten at- 
mospheres. It is incorrect to as- 
sume that the viscosity of a super- 
heated vapor, like the viscosity of 
a perfect gas, is independent of 
pressure. The data of Speyerer (3) 
on steam and Phillips (4) and Stakel- 
beck (5) on CO, do not support such 
an assumption. 


MEASUREMENT OF FRICTION 
Factors 


In the absence of data on the 
viscosity of steam and water at the 
pressures and temperatures en- 
countered within the range between 
1000 and 3000 lb per sq in., the 
authors have based their analysis 
of flow distribution on the direct 
measurement of the friction factor. 
In an earlier paper by the authors 
(6) data were presented showing the 
enthalpy and pressure along the 
length of the circuit of a forced- 
circulation steam generator for a 
variety of operating conditions. 
Mechanical differentiation of these 
curves of pressure plotted against 
length of circuit failed to give con- 
sistent friction-factor data. 

A section of 0.498-in. inside-diameter by 1.00-in. outside- 
diameter seamless steel tubing was then installed between the 
outlet header of the steam generator and the throttle valve. 
In this position it could be supplied with water or steam at any 
pressure up to 3500 lb per sq in. A Bailey power-driven self- 
loading deadweight gage was used to measure the pressure at the 
entrance to the test section. Four iron-constantan thermo- 
couples were used for temperature measurements. Steam was 
condensed and weighed in tanks on platform scales. The head 
loss was measured between two piezometer rings, shown in Figs. 1 
and 2. All scale was removed from the test section chemically 
and was to a smooth finish. 
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At pressures below 2200 lb per sq in., the head loss in the test 
section was measured by a mercury manometer which was 
loaned by the Babcock and Wilcox Company. It consists of 
two high-pressure, flat-glass-type boiler-water-level gages mounted 
in a frame on a right- and left-hand screw. The lower outlets 
of the gages were connected by flexible tubing and the upper 
connections were piped to the condensing chambers. Differ- 
ential pressures up to 40 in. of mercury could be measured. 
Readings were taken with a cathetometer. 

For the measurement of the head loss at pressures between 

2200 and 3500 lb per sq in., a mercury manometer was con- 


‘TABLE 1. FRICTION 
AS DETERMINED BY 


FACTORS AND REYNOLDS' NUMBERS 
HEAD-LOSS MEASUREMENTS WITH 
WATER 


Manometer Water 
reading, Discharge, tempera- Friction Reynolds’ 
Test no. in. of Hg lb per sec ture, F factor number 
110 10.44 0.273 57 0.00808 
111 12.0% 0.294 57 0.00805 
112 14.3¢ 0.329 57 0.00762 
113 15.174 0.336 57 0.00774 
114 16.60° 0.356 57 0.00755 
115 19.70 0.400 57 0.00709 
116 21.51% 0.415 7 0.00719 
117 23.62 0.437 57 0.00713 
118 26.34 0.470 57 0.00686 
119 28.96% 0.489 57 0.00697 
120 29.3¢ 0.500 57 0.00680 
121 51.68% 0.687 56 0.00628 
122 2.06 0.632 56 0.00642 
123 2.76 0.743 56 0.00624 
124 3.04 0.788 56 0.00613 
125 3.39 0.832 56 0.00614 
126 4.02 0.912 56 0.00602 
127 6.71 1.213 56 0.00568 
128 7.33 1.275 56 0.00564 
129 8.35 1.370 56 0.00558 
130 9.85 1.505 55 0.00538 
161 1.95 0.638 76 0.00599 
162 2.66 0.765 76 0.00568 
163 2.88 0.800 76 0.00565 
164 3.89 0.952 76 0.00535 
165 4.058 0.969 76 0.00540 
166 6.268 1.226 76 0.00520 
167 7.75 1.407 76 0.00486 
203 6.36 1.235 82 0.00521 
204 11.99 1.763 82 0.00483 
274 4.369 1.004 86 0.00540 
275 7.217 1.346 86 0.00497 
276 8.70 1.528 104 0.00464 
277 9.36 1.591 104 0.00460 
280 9.01 1.570 118 0.00454 
281 8.86 1.578 130 0.00439 
282 8.62 1.588 164 0.00418 
283 8.30 1.563 187 0.00412 
284 8.19 1.573 200 0.00400 
286 7.98 1.574 322 0.00367 
287 8.18 1.602 345 0.00358 
288 7.80 1.545 348 0.00366 
309 10.14 1.788 385 0.00347 
310 9.17 1.697 420 0.00333 
311 6.59 1.413 431 0.00347 
312 5.39 1.268 434 0.00351 
313 5.52 1.280 434 0.00353 
314 5.45 1.264 438 0.00356 
315 5.88 1.330 440 0.00347 
316 7.44 1.507 440 0.00342 
317 5.27 1.242 442 0.00356 
318 9.78 1.732 454 0.00332 
319 9.85 1.724 464 0.00336 
445 9.72 1.715 486 0.00331 
446 9.23 1.588 554 0.00340 
447 9.89 1.523 662 0.00331 
448 10.51 1.528 685 0.00322 
449 10.53 1.500 694 0.00317 


? Manometer reading in inches of carbon tetrachloride. 
Nore: At water temperatures above 320 F, the viscosity was determined 
by extrapolation in order to calculate the Reynolds number. 


structed by bending a piece of seamless steel tubing into the form 
of a U and radiographing the mercury level in the two legs of 
the tube by means of a 100-kv X-ray tube. Fig. 3 shows a typical 
radiograph of the mercury levels. 

In order to determine the relation between the Reynolds 
number and the friction factor for the test section, it was first 
connected to a city water main and then welded into position 
in the steam piping system of the high-pressure steam generator, 
and water at temperatures between 57 and 694 F was passed 
through it. The head loss was measured by using carbon tetra- 
chloride and mercury in the manometer. The data are shown in 
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Table 1. The friction factors were calculated from Equation [1]. 
At temperatures below 320 F, the Reynolds numbers were calcu- 
lated from the known viscosity of the water. The results are 
indicated by circles in Fig. 4. Since the viscosity of water plots 
as a straight line on logarithmic cross-section paper between 100 
and 320 F, this curve was extrapolated to the higher tempera- _ 
tures, and the viscosity so determined was used in calculating _ 
the Reynolds numbers for water temperatures above 320 a 
These points are indicated on Fig. 4 by crosses. The justifica- _ 
tion for this procedure is the fact that the data could be corre- 
lated in this manner. Some of the points shown in Table 1 — 
and Fig. 4 were determined at different times during the course ; 
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of tests with steam and were made as checks on the internal 
condition of the tube. Since the head loss varies as the fifth ce 
power of the internal tube diameter, a very slight change in the 
roughness of a '/;-in. inside-diameter tube will materially alter 
the results. 

Friction-factor measurements with superheated steam at oa 


843 
iy 
\ 
‘, 
\ 4 IERCIAL PU - 2° | | 
ill 
BELONE 380 4A 
| 
. T Beate 
| 
70* 
= 
« 


TABLE 2 FRICTION FACTORS AS DETERMINED BY HEAD-LOSS 
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MEASUREMENTS WITH SUPERHEATED STEAM 


Steam Steam 
pressure, lb temperature, 
Test no. persqin. abs 


Flow, 
lb per hr 


Manometer 
reading, 
in. of Hg 


DOK 


ow 


10. 


MOOS 


Friction 
factor 


about 1800 lb per sq in. pressure and 750 F failed to show con- 
sistent results. This was attributed to a deposit of trisodium 
phosphate on the internal surfaces of the test section. Feed- 
water was conditioned with sufficient trisodium phosphate 
to maintain a pH value of about 10.5 and in a once-through 
steam generator, all suspended and dissolved solids should come 
through with the steam. Fig. 5 shows how the friction factor 
varied during two runs which were made at 1800 lb per sq in. 
and 750 F. Dotted lines indicate periods during which wet 
steam was passed through the tube. The use of sodium hydrox- 
ide to maintain the desired alkalinity resulted in conditions 
much worse than those shown in Fig. 5. Tests with only sufficient 
sodium hydroxide or trisodium phosphate to maintain a pH 
value of 8.0 also showed an increase in head loss, but at a slower 
rate. Heat transfer did not affect the rate of increase of head 
loss due to the accumulation of solids on the internal tube 
surface, since the use of a special gas burner under the entire 
test section produced no noticeable change. Subsequent tests 
with tubes having internal diameters of 5/s, */,, and 1 in. indi- 
catea that the head loss increased to some extent in the 5/s-in. 
tube but was not appreciably affected in the larger tubes during 
a period of several hours of steady operation, when maintaining 
a pH of 10.5 in the feedwater by means of trisodium phosphate. 
The aforementioned conditions were encountered at pressures of 
2200 Ib per sq in. or less while using the glass differential gage. 
At pressures above 2500 Ib per sq in. no increase in head loss 
with time was noted when the feedwater was conditioned with 
trisodium phosphate. As far as could be determined, the tem- 
perature of superheated steam had no effect on the increase in 
head loss, 

In order to obtain consistent results, the steam generator 
was supplied with feedwater obtained by the condensation of 
steam from the laboratory header with no subsequent treatment 
of this condensate. No scale formation was noted at any point 
in the circuit as a result of these tests, but some corrosion took 
place as was evidenced by the red mud which was removed 
from the system when it was washed at the conclusion of the 
tests. 

Head-loss measurements were made with superheated steam 
at pressures between 1120 and 3578 lb per sq in. and are presented 
in Table 2 in the order of increasing pressures. Due to the small 
pressure drop in the test section, the friction factor was calcu- 
lated by means of Equation [1]. The results do not indicate 
that either the pressure or the temperature have much influence 
on the friction factor. From a study of these data and notes on 
boiler operating conditions, it was decided that a value of 0.00335 
represented the friction factor of superheated steam at a flow 
rate of 2200 lb per hour. This point is located on Fig. 4 as a 
cross within a circle. 

The data shown in Tables 1 and 2 were obtained from a 
relatively smooth steel tube and Fig. 4 shows how they com- 
pare with McAdam’s (2) curve for smooth glass and brass tubes. 
The friction factors used in the calculation of head loss in a 
boiler circuit were based on the upper curve of Fig. 4 as being 
representative of commercial tubing. ‘The friction factor for 
superheated steam at a flow rate of 2200 lb per hr was obtained 
by projecting the steam point indicated in Fig. 4 to the upper 
curve at a constant Reynolds number. Since the pressure and 
temperature have little influence on the friction factor, it was 
assumed that the Reynolds number for a constant tube di- 
ameter is a function of the flow rate only. Knowing the friction 
factor for a flow rate of 2200 lb per hr, the friction factors for 
superheated steam at other flow rates were determined from the 
upper curve of Fig. 4 and are reproduced as the lower curve 


of Fig. 6. 
The friction factors for saturated water were obtained at 


302 1120 690 2304 36.66 
321 1096 583 2230 29.05 
292 1114 697 2175 32.28 
322 1210 613 2227 26.80 
291 1232 695 2171 29.26 
290 1362 712 2152 25.66 
289 1524 712 2150 21.67 
co 303 1705 708 2266 21.12 
ot 307 1691 681 2359 21.25 
Sq ORS 299 1715 693 2197 18.67 
wes 300 1719 697 2170 18.89 
331 1716 737 2307 22.91 
301 1708 638 2228 16.75 
330 1726 787 2302 24.74 
306 1740 710 2305 21.14 
294 1794 708 2163 17.96 
Sees 304 1805 717 2285 19.95 
332 1811 738 2326 21.40 
AIO 305 1916 714 2282 18.40 
325 1913 748 1819 13.02 
324 1930 745 1998 15.24 
Cas a 323 1915 759 2098 16.84 
ge a 333 1923 737 2344 19.98 
eee 295 1940 705 2154 15.83 
334 2029 735 2327 18.21 
296 2038 708 2174 14.90 
x 297 2092 703 2143 14.05 
Ra Sey 335 2128 737 2313 16.92 
eres " 298 2189 700 2162 12.72 
4 366 2189 710 2751 21.33 
365 2246 735 2680 20.87 
a? 350 2315 765 2260 15.44 
375 2333 793 2753 24.00 
367 2375 716 2715 18.33 
359 2542 746 2289 12.81 
351 2554 758 2251 12.96 
364 2558 757 2619 17.53 
433 2572 711 2793 16.04 
ee 368 2604 722 2671 15.20 
363 2701 743 2595 15.03 
Rema 352 2729 755 2235 11.45 
OLE 7 432 2793 722 2747 14.09 
ets 358 2824 751 2252 10.72 
ere ; 369 2833 723 2608 12.30 
374 2882 731 2628 12.95 
es ; 431 2889 712 2741 12.15 
B62 2919 747 2554 12.72 
377 2923 806 2573 15.76 
Se 353 2920 764 2208 10.29 
387 2976 702 2690 9.77 
es 429 2973 739 2701 13.08 
430 2989 722 2710 11.72 
3010 715 2701 10.87 
370 3025 720 2574 9.82 
B88 3011 702 2687 9.26 
384 3021 774 2649 14.30 
3030 714 2662 10.51 
tere 428 3034 764 2700 13.93 
373 3042 719 2599 10.45 
B80 3062 789 2513 36 
oes 439 3077 743 2007 6 
487 3081 738 2144 76 
393 3087 734 2653 10 
ae 395 3086 713 2658 19 
434 3100 754 2476 
438 3111 748 2142 
361 3115 750 2509 36 
391 3105 744 2648 32 
394 3125 722 2658 38 
Saas 436 3126 762 2135 31 
392 3138 752 2639 6 
427 3139 731 2684 17 
86 3192 726 2673 02 
425 3195 738 2662 33 
400 3196 718 2638 8.55 
og i= 424 . 3200 743 2665 11.17 
3227 743 2208 766 
B98 3230 737 2615 9.88 
397 3252 739 2609 9.81 
402 3282 741 2629 10.04 
404 3288 745 2668 10.65 
360 3285 749 2462 27 
Cass J 403 3298 732 2639 10 
405 3316 733 2677 50 
406 3331 725 2677 
rae i 423 3332 763 2652 9 
422 3369 756 2673 52 
409 3386 756 2635 0 
408 3391 767 2622 6 
3400 743 2668 8 
356 3400 745 2176 3 
407 3423 782 2619 7 
— 3431 747 2620 3 
412 3442 738 2595 3 
— 3451 727 2603 84 
420 3465 740 2653 8.64 
382 3480 799 2451 10.59 
ee eee 416 3498 754 2598 9.13 
415 3419 737 2592 7.37 
ens, eee 417 3541 764 2592 9.44 
3546 747 2625 8.48 
355 3578 755 2152 6.19 


various flow rates by calculating the Reynolds number from the 


_ viscosity as determined by the extrapolated curve of tempera- 


ture vs. viscosity of water. Then by use of Fig. 4 the upper 
curves of Fig. 6 were plotted. 

Inasmuch as wet steam is a mixture of saturated water and 
saturated steam, the friction factors for wet steam at any flow 
rate were assumed to vary directly with quality between the 
limits of the friction factors for saturated water and super- 
heated steam as plotted in Fig. 6. 

In dealing with the flow of water, the mean or integrated 
friction factor over a considerable temperature range must be 
used in Equation [6}. At each of several flow rates, instantaneous 
friction factors were calculated for water temperatures from 
200 F to the saturation temperature for a number of pressures, 
using the upper curve of Fig. 4. These values were plotted 
against enthalpy. By planimetering the area under the curve, 
the mean friction factor could be determined between any 
initial and final enthalpy. Typical curves of mean friction 
factors for compressed water for one special case are shown in 
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Fig. 7. Several families of curves of this type are necessary in 
any extensive series of calculations. 

The use of Equation [6] also requires an integrated specific 
volume for compressed water when dealing with the flow of 
water. This was determined by plotting Keenan’s (7) data of 
the specific volume of compressed water at various pressures 
against enthalpy and planimetering the area between any de- 
sired limits to get the mean specific volume within those limits. 


CALCULATION OF PRESSURE Drop 


In calculating the pressure drop through a boiler circuit, the 
following conditions were assumed: (1) Final pressure, (2) 
initial enthalpy, (3) flow rate in pounds per hour, (4) length of 
circuit, (5) heat absorption in Btu per hour. All calculations 
were based on a !/;-in. inside-diameter tube. The assumed data 
permitted calculation of the final enthalpy and specific volume. 
Equation [6] then contained two unknowns, initial pressure 
and initial specific volume. In the absence of an equation of 
state for steam and water, the initial pressure was assumed, 
from which the initial specific volume could be determined and 
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FSP-56-16 
inserted in Equation [6] to calculate the initial pressure and the 
pressure drop. The trial solution would then be repeated if 
necessary, although an experienced computer could generally 
arrive at the result in any series of calculations without a second 
solution. Plots of the Keenan data for P, h, and v were con- 
structed to scales which made it possible to read all values to 
four significant figures. This method of calculation neglects 
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(Constant heat-transfer rate of 2000 Btu per linear foot per hour. Constant 
outlet pressure of 2 b per sq in. abs. Variable flow rate to produce 


indicated final steam temperatures 
Feedwater Inlet Length of 
= temperature, F enthalpy, Btu circuit, ft ma? 
200 173 591.6 
400 378 489.7 oy 
600 615 371.0 


the effect of the increase in kinetic energy of the fluid upon the 
final enthalpy and specific volume, an item which is too small to 
modify the results. 


ReEsutts oF CALCULATIONS 


Fig. 8 shows the effect of feedwater temperature on the sta- 
bility of a circuit consisting of economizer, evaporating zone, 
and superheater in series without intermediate headers or 
equalizers. With standard outlet conditions of 2500 lb per sq 
in. abs and 850 F and with a flow rate of 1000 lb per hr through a 
1/,-in. inside-diameter tube and a constant heat input of 2000 
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Btu per linear foot of tube, the length of circuit for each feed- 
water temperature was calculated. Then for each feedwater 
temperature, with constant length of circuit and constant total- 
heat absorption, the initial pressure and pressure drop were 
calculated for flow rates which would result in final steam 
temperatures between 690 and 1000 F at a final pressure of 2500 
lb per sq in. abs. 

It will be noted that with feedwater at about 300 F, the 
pressure drop through the circuit is practically independent 
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(Pressure drop in inlet resisters is a penate of pressure drop in the circuit 
when delivering steam at 850 F, 2500 lb per sq in. pressure, and a flow rate 
of 1000 lb perhr. Other conditions are as indicated in Fig. 8.) 


of flow rate and final temperature. With 400-F feedwater, the — 
pressure drop varies only a few per cent with large changes in — 
the flow rate. At 600 F, the circuit is more stable. It is apparent 
that with feedwater temperatures below 400 F, parallel circuits 
connected between common economizer-inlet and superheater-— 
outlet headers without intermediate equalizers or other means 
to control the flow, will not operate in a stable manner. A 
slight disturbance in any circuit might result in the delivery 
of wet steam from the circuit or on the other hand, an over- 
heated tube might result due to reduction in the flow rate. 
While the stability of the circuit increases with increasing feed- 
water temperatures at temperatures above 300 F (approx.), it is 
doubtful if such circuits would operate satisfactorily in parallel 
at any feedwater temperature that might be attained by re- 
generative heating of the boiler feedwater. 

Circuits such as those considered in Fig. 8, in which the 
pressure drop is almost independent of the flow rate, can be 
made stable by the introduction of a resistance such as a length 
of a small-diameter tube at the entrance to the circuit where the 
physical state of the fluid is reasonably constant. The pressure 
drop through this resistance will vary. with the flow rate to a 
power somewhat less than 2 because of the variable friction 
factor. In Fig. 9, the left curve, labeled R = 0, is a reproduction 
of the 400-F feedwater curve from Fig. 8. By adding to the 
circuit, inlet resistances equal to 1, 2, 3, and 4 times the re- 
sistance of the heat-absorbing circuit when delivering steam at 
2500 Ib per sq in. and 850 F with a flow rate of 1000 lb per hr, 
the overall pressure drop will vary with flow rate and final steam 
temperature as shown in Fig. 9. Any unstable circuit can be 
made stable by the addition of such inlet resistances. This is 
done, however, at the expense of boiler-feed-pump work and is 
therefore objectionable. 

The curves shown in Figs. 8 and 9 were eee on the 
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basis of a constant, uniform, heat transfer of 2000 Btu per linear 
foot per hour. In order to investigate the effect of heat-transfer 
rate on the stability of the economizer-evaporating-zone-super- 
heater circuit without equalizers or resisters, a total heat transfer 
of 979,000 Btu per hr was assumed as constant. This is sufficient 
heat to deliver 1000 Ib per hr of steam at 2500 lb per sq in. and 
850 F from 400-F feedwater. Circuit lengths were figured for 
four conditions of unit heat-transfer rates as indicated in Fig. 
10, and the initial pressure and pressure drop were calculated 
for flow rates which would result in the delivery of steam at 
2500 Ib per sq in. and temperatures between 690 and 1000 F. 
In case 4, the length of economizer, evaporating zone, and super- 
heater sections were constant for all flow rates at that value 
which was necessary to produce saturated water and dry satu- 
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(Constant total-heat input of 979,000 Btu per hr per circuit, 400-F feed- 

water. Variable flow to produce indicated final temperature at 2500 lb per 

sq in. pressure.: Lengths of circuit are as follows: Case 1, 489.40 ft; 
Case 2, 244.75 ft; Case 3, 163.30 ft. Case 4, 308.50 ft. 5 


rated steam with a flow rate of 1000 lb per hr. From Fig. 10 
it will be noted that with constant total-heat absorption, the 
heat absorption per unit length of circuit and the corresponding 
length of circuit have no influence on the comparative stability 
of the circuit for uniform heat-transfer rates. Case 4 shows that 
for variable unit heat-transfer rates, the shape of the curve will 
be modified somewhat. The results presented in this report 
are based on uniform unit-heat-transfer rates in any given 
section and may therefore require some modification when applied 
to an actual boiler design. 

Inasmuch as parallel circuits connected between economizer 
inlet and superheater outlet headers without intermediate 
equalizers or resistances for control of the flow are inherently 
unstable, the effect of equalizers was. investigated. Six circuit 
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mbinations are shown in Fig. 11. At a standard flow rate of 
1000 lb per hr per tube, the length of circuits and heat-transfer 


- rates were selected to deliver steam at 2500 lb per sq in. and 
850 F with 400-F feedwater. 
was located at a point where the water was about 20 F below the 


The economizer outlet equalizer 


saturation temperature and the superheater inlet equalizer was 
located at a point where the steam had about 30 Btu of superheat 
at the standard flow rate. These locations were selected in order 
to keep the equalizers out of the evaporating zone proper be- 
cause of the difficulty, if not impossibility, of equally dividing 
a wet-steam mixture between a number of parallel circuits. 
The pressures and enthalpies shown in Fig. 11 at the equalizers 
are for the standard flow rate of 1000 lb per hr per tube. 

Fig. 12 shows the effect of unequal rates of heat absorption 
and unequal circuit resistances on the enthalpy of the steam or 
water leaving each of the six circuits indicated in Fig. 11 with 
pressures in the inlet and discharge headers equal to those shown 
in Fig. 11. With the enthalpy at the inlet header and the pres- 
sure in the discharge header always equal to that for a standard 
flow rate of 1000 lb per hr as given in Fig. 11, and with a heat- 
transfer rate in any given circuit, taken for example as 95 per 
cent of the standard heat-transfer rate shown in Fig. 11, the 
inlet-header pressure and the pressure drop were calculated for 
several flow rates. A plot of final enthalpy against pressure 


drop for the several flow rates gave one final enthalpy at which 
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Fig. 11 Dracram or Circuits SHOWING LOCATION oF EQUALIZERS 


(Equalizer and header pressures are for a flow of 1000 lb per hr per tube. 
1/3-in. inside-diameter tube.) 


the initial pressure and the pressure drop equaled the standard 
shown in Fig. 11. Similar calculations were made for heat- 
transfer rates equal to from 90 to 110 per cent of the standard. 
The points were connected to give the lower curve in each group 
in Fig. 12 which are labeled “‘1.0f.’’ Points on these curves indi- 
cate, therefore, the enthalpy of the fluid which is discharged from 
various parallel tubes connected between common inlet and dis- 
charge headers, and having equal inlet conditions and final 
pressures, but subjected to different rates of heat transfer. 

In order to investigate the effect of unequal circuit resistances, 
the calculations, as outlined, were repeated with the friction 
factor multiplied by a constant of from 1.05 to 1.30. The re- 
sulting curves are shown in Fig. 12 with the multiplying constant 
on each curve. An increase in frictional resistance of 70 per cent 
is shown in Fig. 5. 

It will be noted from Fig. 12 that the economizer and super- 
heater circuits are quite stable and are only moderately affected 
by unequal heat-transfer rates or resistances. The evaporating 
zone, circuit B, however, is quite sensitive to unequal heat- 
transfer rates between tubes or unequal resistances due, for 
instance, to scale deposits. The elimination of either the econo- 
mizer equalizer (circuit D) or the superheater equalizer (circuit 
E) results in a relatively unstable circuit in which moderate 
differences in heat-transfer rates or circuit resistances would 
cause considerable unbalance in the flow rates through parallel 
tubes. The economizer-evaporating-zone circuit is about twice 
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as sensitive to such distur- 
bances as is the evaporating- 
zone-superheater circuit. It 
would be preferable, there- 
fore, to eliminate the super- 
heater equalizer rather than 
the economizer equalizer. 
The elimination of both equal- 
izers (circuit F) results in a 
very unstable circuit in which 
small variations in resistance 
or heat absorption would soon 
result in burned-out tubes. 
This condition could be con- 
trolled by inlet resisters, as 
already shown. 

In order to determine the 
effect of capacity, the pressure 
drops through the various cir- 
cuits indicated in Fig. 11 were 
calculated with the normal 
friction factors for the stand- 
ard heat-transfer rates given 
in Fig. 11, at flow rates of 80 
to 120 per cent of the stand- 
ard flow rate of 1000 Ib per 
hr per tube. For each of these 
flow rates the pressure drop 
in per cent of the pressure 
drop at the standard flow 
rate of 1000 lb per hr was 
plotted in Fig. 13 against the 
outlet Btu variation from the 
enthalpy at the standard flow 
rate. The points are indi- 
cated by triangles. The calcu- 
lations were repeated with a 
new basic flow rate of 400 Ib 
per hr or 40 per cent of the 
original and with a constant 
heat-transfer rate of 40 per 
cent of that shown in Fig. 
11. The calculations were 
repeated a second time with 
a basic flow rate of 1600 Ib 
per hr, or 160 per cent of 
the original, and with a con- 
stant heat-transfer rate of 160 
per cent of that shown in Fig. 
11. The results as plotted in 
Fig. 13 indicate that over a 
four-to-one range in capacity 
in all of the six circuit com- 
binations, the stability of the 
circuits is independent of 
capacity. 

Fig. 14 shows the effect of 
steam pressure on the stabil- 
ity of the economizer-evapo- 
rating-zone-superheater cir- 
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Fic. 14 Errect oF PRESSURE ON THE STABILITY OF A CIRCUIT 
CONSISTING OF A SUPERHEATER EVAPORATING ZONE, AND 
EcoNoMIzER WITHOUT EQUALIZERS 
Constant heat-transfer rate of 2000 Btu per linear foot 
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cuit, without equalizers. With 400-F feedwater, a heat-transfer 
rate of 2000 Btu per linear foot per hour, and 850 F final steam 
temperature as standard, it will be noted that the stability of 
the circuit is practically independent of pressure within the range 
of 1000 to rom Ib per sq in. steam pressures. Higher pres- 
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sures were not used in the calculations because, if the viscosity 
of water varies as much near the critical temperature as does the 
viscosity of liquid CO, the assumptions made in determining the 
friction factor for water might lead to considerable error. 

Fig. 15 shows that the stability of a superheater circuit having 
an inlet enthalpy of about 30 Btu more than that of saturated 
steam with a standard outlet temperature of 850 F is practically 
independent of pressure between the limits of 1000 to 3000 Ib 
per sq in. 

Fig. 16 indicates that for an evaporating-zone-superheater 
circuit without equalizers, the stability of the circuit increases 
with the pressure. In each of the three preceding figures, the 
unit heat-transfer rate is constant and the circuit lengths are 
different for the various pressures. 

The preceding calculations have been made for the case of 
straight horizontal tubes. Boiler circuits are neither horizontal 
nor straight. The effect of differences in elevation would be the 
same, however, for symmetrical circuits. The common method 
of allowing for friction loss in bends and turns is to add an equiva- 
lent length of straight tube to the actual length. In Equation 
[6] the second term accounts for at least 95 per cent of the 
pressure drop. The addition of an extra length to allow for the 
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effect of bends would, therefore, be practically the same as multi- 
plying the pressure drop by a constant equal to the ratio of 
equivalent to actual length. Consequently, the conclusions 
which may be reached by a study of straight parallel circuits 
apply equally well to symmetrical circuits containing bends. 
Similarly, conclusions based on a study of parallel circuits having 
an assumed total-constant-heat absorption would be the same 
regardless of the unit rates of heat transfer and resultant circuit 
lengths as long as uniform or proportional unit rates of heat 
transfer are assumed. 

The flow diagram in Fig. 17 is submitted by the authors 
as a suggested means of eliminating some of the difficulties due 
to the use of once-through circuits. If chemical treatment of 
feedwater is necessary to control corrosion and prevent scale 
formation near the end of the evaporating zone, the steam de- 
livered from such a unit will cause trouble in a turbine due 
to the solids which it contains. It is proposed, therefore, that a 
separator be installed at a point in the circuit where the steam 
sated wil mentiany be from 90 to 95 per cent. Flow in the 
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evaporating-zone circuits may be controlled by inlet resisters 
or an economizer outlet header or equalizer. Drainage from 
the separator may be returned to the inlet header or to the 
economizer equalizer, if one is installed. Feedwater would be 
supplied in a constant ratio to the flow of drainage from the 
separator. Failure of the separator drainage pump need not 
shut down the unit as it could be operated as a once-through 
steam generator. 

The fundamental ideas incorporated into the circuit shown in 
Fig. 17 are not original with the authors and have been patented 
by others. The schéme is proposed to promote discussion in the 
belief that while it has certain undesirable complications, it 


should have the following important advantages: (1) Delivery 
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of clean steam, (2) maintenance of alkalinity and chemical 
balance required to prevent corrosion and scale formation, (3) 
simplification of automatic control by elimination of the need 
for temperature regulation. od 
Summary or 
The following statements may be made in regard to the flow 
distribution between parallel circuits connected into common 
inlet and discharge headers in forced-circulation once-through 
steam generators: 


(1) Circuits composed of continuous tubing between the feed- 
water inlet header and the superheater outlet header are in- 
herently unstable. The pressure drop is nearly independent of 
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flow rate. Slight variations in heat-transfer rates or frictional 
resistances may result in decreased flow and burned-out tubes 
when several such circuits operate in parallel. 

(2) The flow in unstable circuits can be stabilized by the use 
of resisters such as small-diameter tubes at the inlet end of the 
circuits. This solution to the problem is objectionable because 
of the increased work of the boiler-feed pump. 

(3) The use of a common header or equalizer on each side of 
the evaporating zone will stabilize the flow through the parallel 
circuits. With circuits which are clean internally and are sym- 
metrical in regard to length and shape, and are placed sym- 
metrically with respect to furnace radiation and gas flow, no 
difficulties should be encountered with unbalanced flow. 
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Fie. 17 Diagram or Forcep-CircuLaTIon STEAM GENERA- 


tor WITH SEPARATOR AND CIRCULATING Pump 
(Inlet resisters are unnecessary with an economizer equalizer.) 


(4) Superheater and economizer circuits are more stable than 
evaporating-zone circuits. 

(5) If only one equalizer or header is used, it should be placed 
at the end of the economizer zone rather than at the end of the 
evaporating zone. With a single equalizer located at the end of 
the evaporating zone, the circuit is about twice as sensitive to 
disturbances as when it is placed at the end of the economizer 
surface. 

(6) The stability of parallel circuits is independent of capacity. 

(7) The stability of superheater circuits is independent of 
pressure. Evaporating-zone-superheater circuits are more 
stable at the higher pressures. 

(8) Curves are presented to show the extent by which the 
enthalpy of the steam or water delivered from parallel circuits 
connected between common headers will vary as a result of 
unequal circuit resistances and unequal heat absorption. 7 
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Manufacture of Large Seamless Steel Tubes | 
by the Tschulenk Forge-Rolling Process = 


In this paper the authors present a new technique for 
the manufacture of seamless steel tubes and other hollow 


steel bodies with diameters from 20 to 60 in. or even 


greater, lengths up to 60 ft., and wall thicknesses from 
approximately °/; in. up to almost any thickness that 
may be required. Except in very special instances such 
tubes or vessels would be completed from the original 
hollow steel block in a single pass without previous forging 
of the ingot and without the necessity of subsequent tool- 
ing. Both the design of the mill and the details of its 
operations are described, and in conclusion the authors 
deal briefly with the manufacturing economies which 


_ may reasonably be expected. 


steel bodies of diameters in excess of 20 in. are in wide and 
varied use today and the field of their application is growing. 


; ARGE seamless steel tubes and other thick-walled hollow 


_ These products are used extensively for high-pressure boilers and 
containers, vessels in the chemical industry, reaction chambers, 


»., for the cracking and the hydrating of coal, tar, oil, and a 


etc 
ree field of use is presented by torpedo tubes for warships. 


The aim of the Tschulenk forge-rolling process is the pro- 


- duction in the simplest possible way, through a direct fiber- 


_ stretching process, of such seamless tubes and other hollow steel 
bodies of large diameter and great length in wall thicknesses up 
to the thickest demanded at present, with a free choice of the 
steel analysis. The fundamentals underlying the proposed proc- 
ess and the details of design of the mill itself are based on sound 
engineering principles and a broad knowledge of art of steel 
manufacture. A mill of this type, however, has not as yet been 
built. 


DESIGN OF THE TSCHULENK MILL 


As the present state of tube-rolling technique makes it possible, 
through the Pilger method, to produce tubes of large diameter 
and length up to certain limits, the Tschulenk process has re- 
tained the Pilger tube-rolling principle. 


' Agent in United States for Vitkovice Steel Works, Czechoslovakia, 
and representing -the Loeffler Boiler System; offices in New York, 
N. Y. Mem. A.S.M.E. and I.M.E. Mr. Herschmann was formerly 
mechanical engineer of various corporations and has engaged in the 
design and operation of several large plants. 

? Moravska Ostrava, Czechoslovakia. Mr. Tschulenk received 
his technical education and practical training in Vienna, Austria. 
He was employed in various capacities in connection with the building 
of such plants in Europe as at Rombas in Alsace Lorraine and the 
plants of the Alpine Montan Gesellschaft in Styria. He designed 
the plants for the Reschitzer Works in Roumania and for the Jur- 
jJewsky-Sawod Works in Russia. Mr. Tschulenk’s last employment 
extended over a period of 23 years with the Vitkovice Steel Works, 
as designer-in-chief of their tube plants. During that time he also 
designed tube plants for Germany and Russia. 
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until January 10, 1935, for publication in a later issue of Transac- 
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derstood as individual expressions of their authors, and not those of 
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By ARTHUR J. HERSCHMANN,!' ann LEOPOLD TSCHULENK? 


In view of the large size of the hollow blocks to be worked by : 
the Tschulenk process, the revolving Pilger rolls were not in- 7 
cluded. Such rolls revolve very slowly and would therefore © 7 
have to transmit excessive torsion. The motor to drive such — a 
a mill would necessarily be very large and expensive, and the _ 
drive would be exceedingly complicated. 

The Tschulenk mill? is illustrated in Figs. 1, 2, and 3; Fig. 1 7 
showing an elevation in longitudinal section with the mill in | 
position for the start of the rolling operation, Fig. 2 the corre- | : 
sponding plan view when the work piece [thick-walled hollow — : 
block (1)] has been inserted, and Fig. 3 various sections through | 
the mill. In Fig. 3, A shows one-half the Tschulenk mill, at — 
section c-d in Figs. 1 and 2; B shows one-half the mill at section — 
e-f; C shows the section at g-h through the carriage (14) and 
the hollow block; D, section i-k; E, section -m; and F, shows’ 
section n-o. 

The Tschulenk mill carries three or four oscillating Pilger 
rolls (2) which are arranged within one vertical plane of the roll 
stand (9). These rolls have leverlike extensions (3) upon which 
the hydraulic work plungers (5) press by means of short thrust 
rods (4), thereby effecting the movement of the rolls. To with- 
draw the work plungers (5) together with the rolls (2) which are 
attached to them, return plungers (6) are provided, the latter 
being connected with the main plungers (5) through the yokes 
(7) and pull rods (8). 

The hydraulic cylinders (10) and (11), within which plungers 
(5) operate, as well as the cylinders for the reverse plungers (6) 
are attached to the roll stand (9). To protect that roll stand 
(9) from bending stresses caused by the process of rolling, ten- 
sion rods (12) are provided and arranged crosswise. 

The rolls (2) are linked to the carriage (14). At the beginning 
of the operation the hollow work piece (1) is placed upon the 
carriage (14) so that it goes to and fro together with that car- 
riage when the rolls (2) move during the rolling process. 

Pilger rolls have heretofore always required a mandrel of 
greater length than that of the hollow block through which it 
passes. In contrast to this the Tschulenk forge-rolling mill re- 
quires but a very short plug (15), inside of the hollow block, of a 
length only slightly greater than that of the developed contour 
of the work rolls (2). 

Hydraulic pumps at a pressure of 3000 to 3750 lb per sq in. 
will be required for operation of the mill. To keep the pump 
capacity required at a minimum these pumps should operate con- 
tinuously during the process of rolling and supply the pressure 
water to air-cushioned accumulators for the peak-load periods. | 


OPERATION 


The working operation of the Tschulenk forge-rolling mill is as 
follows: 

The hollow work block (1) is placed on the carriage (14) be- 
tween the roll stand (9), the withdrawing plug (15) and support- 
ing box (30) as shown in Fig. 2. The inside diameter of the 
hollow block (1) is made larger, to start with, than the inside 
diameter of the finished tube and also a little larger than the 
outside diameter of the plug (15), as is generally the rule with 


3 The Tschulenk process is covered by United States Patent No. 


1,928,741. 
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Fie. 3. Various Sections THroues 


(For locations of sections, see Figs. 1 and 2.) 


Pilger rolling mills. The plug (15) is mounted on the mandrel 
rod (16) so that it can be changed readily when necessary. The 
mandrel (16) has a central bore for water cooling, to prevent 
excessive heating due to radiation from the hot hollow block (1). 

The mandrel rod (16), together with its plug (15), is pushed 
through the hollow block (1) between the work rolls (2), whereby 
the mill is brought into its rolling position as shown in Fig. 1. 
The forward pushing and the back pulling actions of the mandrel 
rod (16) are accomplished by the double-acting hydraulic cylin- 
der (17) as shown in Figs. 1 and 2. 

By lowering the locking gate (18) into the annular groove of 
the mandrel rod (16), the latter is made rigid with the carriage 
(14) in a longitudinal direction. The plug (15), together with 
the hollow work block, will now participate in the same to and 
fro movement of the forging rolls (2). 

Following each work stroke—and subsequent return stroke— 
of the mill, the hollow block (1), after complete release from the 
rolls (2), is pushed forward by the plug (15) for a certain amount 
of feed and at the same time turned for a predetermined degree 
of circumferential feed. 

The mechanism to accomplish the turning and forward feed 
of the hollow block (1) is provided back of the supporting box (30) 
and a description of this obvious device may be found in the 
patent. 

This working process is repeated until the hollow block (1) is 
completely rolled out, when the finished tube is completely 
pushed off the rolling plug (15). 

Thereupon the locking gate (18) is withdrawn radially by motor 
(19) and the mandrel rod (16) together with plug (15) is with- 


@ 
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drawn by the hydraulic cylinder (17) into the position shown in 
Fig. 2, preparatory to another rolling operation, when a new ~ 
hollow block is placed on the carriage (14). 

To reset the mill from the production of one tube size to an-— 
other within its work range, it is only necessary to change the — 
pass cheeks (2) on the oscillating rolls (3), Fig. 1, as well as the — 
mandrel plug (15). The mill has no moving parts located inside 
the hot hollow block, where their functioning could be impaired 
by the radiated heat, with the exception of the short plug 
(15) which, if desired, could be water-cooled. It should be 
noted that this short plug (15) in its reciprocating movement 
does not come in contact with the hollow block (1) for its full - 
length so that excessive cooling of the block to be rolled, as well — 


as excessive heating of the plug are avoided. a PS 


CoNCLUSION 


The Tschulenk mill is primarily suited for economical pro- 
duction of finished seamless steel tubes and other hollow bodies 
of diameters ranging from 20 to 60 in. with lengths up to 60 ft. 
It is also considered entirely possible to go greatly below these 
limits and also beyond them, by special design. The demand 
for hollow bodies in excess of the stated dimensions, however, 
is small at the present time. To cover the 20- to 60-in. range 
of diameter two sizes of the Tschulenk forge-rolling mills are pro- 
posed; one for diameters from 20 to 40 in. and a larger size for 
the balance of the range from 40 to 60 in. 

Tubes of the stated diameters with wall thickness in excess 
of about °/s in. can be produced in a single pass through the mill 
and the time required to complete a finished high-pressure tube 
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of 50-in. diameter, 2-in. wall thickness, and 50-ft length would no final tooling except where it is an ‘“‘a priori’? necessity as in 

not be over 22 minutes. During that time the hollow block will the case of torpedo tubes. 

remain sufficiently hot to insure efficient rolling of the block end. The scrap resulting from the operation of the Tschulenk sys- 
With ample cropping of the bad ingot ends, the cast hollow tem will be only from 20 to 25 per cent of the original block as 

steel block will in most cases suffice as raw material for the compared with a waste of as much as 2/; of the original steel in 

Tschulenk mill and the product thus produced should require — the case of hollow forging under a press. Se 
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Budgeting. an Enterprise 


In this paper the author describes in detail the method 
followed in developing a complete operating budget for a 
company manufacturing and distributing yeast. The 
organization consisted of two manufacturing plants with 
- branch distributing points located in a large number of 
cities throughout the eastern United States. This budget 
provided, on the basis of past experience, an orderly plan 
for profitable operation and an accurate means of constant 
check on the efficiency of each element of the enterprise. 
Prior to the introduction of the new management which 
installed the control system described, the company had 
been losing heavily but during the first year of operation 
under the budget and for each year thereafter it earned a 
satisfactory profit, with the operating figures in excellent 
agreement with the budgeted estimates. It is suggested 
by the author, in conclusion, that if every business enter- 
prise in the United States were analyzed and budgeted in 
the manner described, many operating hazards would be 
materially reduced. 


HE FOLLOWING account of budgeting practise relates to a 
| eee manufacturing yeast which was sold to the baking 

industry. The company operated two plants for the pro- 
duction of yeast in bulk, several branches for packaging in pound 
packages, and about seventy distributing stations or branches, 
in the eastern part of the United States. Prior to the introduc- 
tion of a new management, the company was losing heavily. 
During the first year of its operation under a budget, the com- 
pany earned a profit of approximately $250,000 and it experienced 
increased earnings each year thereafter. a 


BuILpING THE BupGet Estimates ams 


Prior to the assembly of the budget data, each department head 
was furnished with a record of operations of his department and 
was asked to submit estimates of probabilities for the next budget 
period, the calendar year. These estimates were discussed with 
the general manager and modified as circumstances required. 
The final estimates of the requirements of each department were 
accepted as preliminary only, and submitted to the auditor who 
prepared the budget details. Before the adoption of the final 
budget figures, each department head was called in to give a final 
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criticism. In each case an agreement was reached on the reason- 
ableness of the budget estimates for each department. 

Sales-Volume Budget. The basis of the sales estimates is illus- 
trated in Table 1, which is condensed from the company’s reports. 
A graphic plot of sales trends at each distributing station together 
with a general knowledge of the local situation formed the basis 
for the estimates of the next year’s sales. 

Branch Operation-Cost Budget. The costs of operating the dis- 
tributing stations were classified into twenty-nine accounts, in 
addition to salaries. A study of each of these accounts for the 
prior year, together with estimates of possible operating ratios 
formed the basis of these estimates. A condensed form of this 
statement of expenses is shown in Table 2. 

Manufacturing-Cost Budget. Each plant was estimated to 
produce the poundage required to supply the branches in its 
territory. The Baltimore plant, for example, would need to 
produce an average of 518,750 Ib per month to supply its tributary 
branches. The budget of the Baltimore plant is shown in Table 
3. The operations of the plant consisted of producing bulk yeast 
and then packaging it for the trade. An estimate was made of the 
costs of these two divisions of operation. Similar detailed cost 
budgets were made for the other plant. It will be noted that in 


TABLE 1 YEAST POUNDAGE STATISTICS SHOWING BASIS FOR 
BUDGET ESTIMATE OF SALES IN POUNDS PER MONTH FOR 
EACH BRANCH 
Previ Y Current Estimated Current 
-—frevious tear~ year's break- 
Average reasonable even udget 
sales, Ten- minimum int, of sales, 
lb per dency, sales, lb per | lb per 
month percent month month month 
Eastern Division 
9,500 +10 10,450 10,400 10,500 
Chattanooga.......... 2,800 +15 3,200 3,350 3,400 
Harrisburg. .......... 6,400 +10 7,050 3,840 7,050 
Jacksonville.......... 3,900 +15 4,500 5, 5,850 
i” eee 30,000 Negative 30,000 19,700 30,000 
Newburgh............ 6,500 +25 8,000 6,050 7,500 
126,000 + 5 132,500 94,500 132,500 
Total branches........ 255,850 274,150 283,590 
Baltimore plant....... 5, 50,000 
310,850 324,150 333,590 
New England Division 
5,850 +13 6,600 ,700 6,600 
3,900 +30 5,000 4,130 5,000 
10,500 +4 11,000 13,000 
Total branches........ 146,350 or 161,600 170,070 
Direct sales........... 7,500 aa ,500 5,500 
Total New England 
53,850 167,100 175,570: 
and N. 
464,700 491,250 509,160 
Central Division 
7,600 +33 8,700 7,500 9,000 
13,600 +20 16,300 19,100 19,500 
Indianapolis.......... 10,400 +28 13,000 12,900 13,500 
25,700 +32 32,000 20,600 30,000 
Total Cent. Div....... 115,000 ae 139,000 150,660 
Western Division ‘won 
148,500 +4!/3 155,000 79,000 155,000 
12,100 +15 3,800 15,200 15,500 
26,000 + 5 27,300 11 27,300 
Total branches........ 323,250 354,980 367,180 
6,300 3,000 y 
Total West. Div....... 329,500 ce 357,980 370,180 
Grand Total........ 909,250 988,230 1,030,009 
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TABLE 2 DETAIL BRANCH OPERATING COSTS PER MONTH FOR PREVIOUS YEAR 


(Selected typical samples) 


Tires and tubes, new 

Repairs, tires, and tubes 

Auto. repair, labor 

rep. maint 


Auto. 
Body 
Rent of office 
Light and heat 


ins. 
i 

Res. for bad debts 
destroyed 


Telephone and telegraph... 

Exp. post (outgoing) . 
Trade and ent. exp. 

Refr., ice, and sawdust............. 
Miscellaneous 

Dep., fur., fix., and rep. eqpt 


Albany, 
dollars 


25. 


Syracuse, 
dollars 


20. 


_ 


to 


~ 


_ 


Expenses per month at 
Pittsburgh, Chicago, Kansas City, 


this type of manufacture, as 
distinct from the operation of a 
machine shop, for instance, the 
budgets for labor and repairs are 
constant. 

Administrative- and Selling- 
Expense Budget. The antici- 
pated administrative and selling 
expenses for an average month 
were next prepared from the 
company’s accounts and the es- 
timates of the department mana- 
gers. These appear in Tables 4 
and 4a. 

Analysis of All Costs. All the 
cost estimates were tabulated as 
shown in Table 5, and an ex- 
amination made of each item to 
determine how much was fixed 
or constant, regardless of the 
volume of production and sales, 


ollars dollars dollars 


Total Expenses per Month 


Salaries per Month 713. 


and what portion fluctuated or 
varied directly with the volume 
of sales. The percentages esti- 


2321.00 
4393 .00 


Total, Salaries and Expenses per Month 1280.95 


TABLE 3 ESTIMATE OF MONTHLY COSTS 
PLANT 


Total 
plant 
costs, 

dollars 


Cents 


per 
Items Pounds pound 


Raw Materiais 


Aqua ammonia 
Ammonium 
Ammonium sulphate. . 


Total 
terials 


7,732 


1,000 
25,937 
783,535 


Total raw materials. . 
Direct labor... . 
Foremen’s salaries... . 


Operating Supplies 


Sulphuric acid 
Corn oil 


Total operating supplies 
Packing Supplies 


Foil, tape, etc 
Sawdust 


Total packing supplies 
Repairs productive dept 


Fadl 364. 25 tons coal at $4.50 
Labor and expenses 

Repairs and maintenance 
Boiler ins. and fixed charges 


Electric Power 


Refri ti 

Labor and expenses 

Repairs and maintenance 
Fixed charges 

Sub-station costs 


production 


AT BALTIMORE 


Yeast 
packing 


Yeast 


cost, c 
dollars dollars 


14,844.30 

175.00 
120.00 
907 .80 


3,955.37 
184.45 


2,853.18 
665.55 


6714.00 mated in each case are shown in 


Month — 
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“Break Ev 
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9 
per Month 


Out put, 100,000 Pounds 


Fie. 1 ‘‘Break-Even’’ Cuart ror BupGet Estimates 


the left-hand columns of Table 5. From these estimates it was 
possible to construct the “break-even” chart as shown in Fig. 1, and 
the costs per unit of product at different outputs as shown in Fig. 2. 

Branch Budgets of Sales and Profits. An estimate of sales, 
costs, and profits by branches was then prepared as shown in con- 


densed form in Table 6. 


TABLE 3 (Continued) 
General 


Salaries, supervision of plant 

Salaries, supervision of plant (fixed chgs.) 
General repairs and maintenance 

Plant office expenses 

Trucking, salaries and expenses 
Trucking, fixed charges................. 
Yard costs 

Liability and compensation ins 
Experimental expenses 

Travelin 

Unclassified general expenses 

General taxes 

Fire ins., general 

Depreciation 


Total steam, power, refrig., and general. 15,137.03 10,197.17 
30,191.70 


— 


4,946 . 86 
13,602.53 


Total Costs for production and packing 
Grand total 43,794 


Production, Ib 
Cost per unit, cents 
Production. 


d 

G = 90. 00 
Oo 6.30 5. 00 

25.00 17.00 

6.50 8.50 3.50 
4.00 3.50 2.00 
ash, gre 6.00 3.50 2.00 
Garage re 40.00 20.00 17.00 

Auto. ins 11.92 7.25 
63.20 69.07 300 54.00 

| 4.56 90 2.70 
2.00 8.00 25.00 2.00 
4.30 2.85 20.00 5.40 
0.80 1.01 5.00 0.65 

0.80 0.48 32.00 0.35 
PERO 74.00 225.00 48.00 

15.00 10.00 65.00 6.50 
6.00 6.00 15.00 2.60 
4.00 6.00 10.00 
.00 22.00 55.00 25.00 

-00 00 15.00 100.00 100.00 
00 20.00 50.00 20.00 
.00 40.00 25.00 35.00 
Or 7.00 10.00 5.00 

8 .50 .10 16.60 5.60 

53 134.43 «554.99 517.05 

TTT 
Beet molasses.......... 450,398 1.360 6,125.41 .... 
Corn 88,650 2.14 1,897.11 .... 
7,657 12.04 921.90 .... a | 

2.94 227.32 |||. 100,000 | a 

yield ma- | 
= L d 583 30.00 175. = 
c 12.00 120. | 
St 3.50 907. | 4 

850.' 

2,500 12.00 300.00... 

Cc 300 42.00 126.00 .... 

Wooden boxes and barrels.............. 114.00 

174. 


Budget of Production and Distribution Costs and Profits. The 


above data was then assembled in the form shown in Table 7, to 
serve as monthly and annual estimates for the principal items of 


the manufacturing and distribution costs. 


TABLE 4 ANTICIPATED ADMINISTRATIVE 


PENSE 
Anticipated expenses, dollars— 
ain Chicago 
Items office office Total 
Traveling expenses............... 339.00 
Rent, light, heat, and depr........ 1,070.00 130.00 1,200.00 
Stationery and office 575.00 75.00 650.00 
Telephone and telegraph.......... 125.00 50.00 175.00 
Bank collection chgs..... bucwsseas 20.00 20.00 40.00 
Administrative taxes.............. 21.00 niki 21.00 
Legal and professional exp......... 200.00 
Leg. and prof. exp., extra.......... 250.00 
Bonding of employees............. 50.00 
Genera! office expenses............ 125.00 25.00 150.00 
Sundry exp., company off.......... 140.00 
Insurance adm., proportion........ 30.00 
bh ~ Anticipated Administrative 


TABLE 4a ANTICIPATED MONTHLY SELLING EXPENSE 
Anticipated expenses, dollars 


New Cen- 
Items General Eastern Eng. tral Western Total 
2,925.00 1,700.00 1,300.00 800.002,100.00 8,825.00 


Traveling expenses 525.00 900.00 600.00 700.001,400.00 4,125.00 


Rent, light, heat, 

a. | 10.00 30.00 25.00 30.00 30.00 125.00 
294.00 165.00 138.00 320.00 917.00 
Branch bonuses... ...... 230.00 90.00 120.00 160.00 600.00 
Bad debts, plant 

90.00 18.00 20.00 228.00 
Trade expenses... 2C.00 30.00 20.00 20.00 30.00 120.00 
Tele an 

telegraph....... 100.00 25.00 20.00 20.00 45.00 210.00 
Maint. 7 display 

8.00 5.00 4.00 8.00 25.00 
Miscellaneous... . . 50.00 25.00 20.00 20.00 30.00 145.00 

Total antici- 

pated selling 
expenses...... 


Cents per Pound 


t Operating Expense 
Pack YFreiqh 
8 
6 Yeast” 
= | rechiction Cost 
2 
0 1 13 14 15 16 


Output, 100,000 Pounds per Month 


Fic. Cost per LB at VARYING OvuTpuT PER MontH ON 


Budget of Cash Receipts and Disbursements. This budget is 
shown in Table 8. The sale of yeast throughout the year follows 
a well-defined cycle. The total annual sales were apportioned 
to each month according to this cycle. Molasses purchases are 
always made in the winter months when the beet-sugar mills are 
in operation. The expenditures for plant repairs and capital 
items were distributed throughout the year in accordance with 
the order of need and with a view to a gradual monthly increase 
in cash reserves. Collections were made weekly and hence 
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WHEY MAN-56-2 857 
sales and collections were practically identical in each month. 

Budget of Monthly and Annual Income and Expense. An 
average monthly and an annual profit-and-loss estimate was then 
prepared, as shown in Table 9. 

Summary of the Budget. A brief statement of the estimated 
year’s operations was then condensed in the form shown in Table 
10. In presenting the budget to the directors of the company, 
the tables referred to were assembled in the reverse order. 

The ten tables constituted the principal budget estimates and 
were the yardsticks by which the operations for the year were to 
be measured. 


REPORTING ON OPERATIONS 


There were ten officers of the company who were placed in charge 
of administering the budget. They reported each month to the 
vice-president and general manager who was in active charge 
of the business. These officers were: Vice-president and sales 
manager in charge of sales and distribution; four division man- 
agers in charge of division sales and distribution; production 
manager; traffic manager; purchasing agent; chief engineer; 
and treasurer and office manager. 


TABLE 5 ANALYSIS OF ESTIMATED MONTHLY YEAST COSTS — 


SHOWING FLUCTUATING AND CONSTANT COSTS a 


(Grain costs are not included in these figures) 7° 
-——Cost per dollarse——.~ 


Per cent 
A B 


Items Fluctuating Constant Total 
Manufacturing 
100 Raw materials.. 31,161.92 
100 Foremen's salaries.........  ....... ,660.00 1,660.00 
100 Operating supplies. 2,068.05 
100 Packing supplies...... 5,420.00 
100 Repairs (prod. depts.)......  ...... 2,572.00 2,572.00 
100 3,037 . 87 
100 Steam labor and exp........ 2,355.25 2,355.25 
100 Boiler ins. and fixed chgs.... ....... 126.81 126.81 
Power purchased...... : 4,173.20 1,000.00 5,173.20 
Power labor and exp........ ......- 950.00 950.00 
Power repairs and maint....  ....... 318.00 318.00 
Fly wheel ins. and fixed 125.32 125.32 
Sub packing station power. 40.00 80.60 120.60 
Refrigeration labor and exp. eawk amet 473.00 473.00 
Refrigeration rep. and maint. ........ 426 .00 426.00 
Refrigeration fixed chgs..... ....... 12.25 12.25 
Sub packing sta. refrig. costs 150.00 299.70 449.70 
Salaries, supervision of plant ....... 1,590.00 1,590.00 
Salaries, sup. of plant (fixed 
General repair and mainte- 
<edases 71.00 971.00 
Plant office expenses....... ....... 1,575.00 1,575.00 
salaries, and ex- 
Trucking, fixed charges..... ...... 262.68 262.68 
Liability and compen. ins... ...... 273.95 273.95 
Experimental expenses...... 800.00 800.00 
Traveling expenses.........  ...... 400.00 400.00 
Unclassified general expenses... 28.00 28.00 
Fire insurance, general...... §...... 428.27 428.27 
Total manufacturing costs.. 46,342.04 41,287.67 87,629.71 
Less destroyed and samples —.E— 633.20 


53 47 Net manufacturing costs.... 45,708.84 41,287.67 86,996.51 
100 Freight and express........ 16,545.79 16,545.79 
Branch Operating Costs 
100 Tire repairs........ 207.65 
100 Auto repairs............... 1,650.05 
100 Express and parcel * post 
100 Refrigeration, ice, etc....... 1,134.50 
100 Reserve for bad debts...... ,000. 
 wacades 29,420.40 29,420.40 
100 Other branch expenses...... ....... 11,478.04 11,478.04 
19 81 Total branch operating..... 9,511.67 40,898.44 50,410.11 
100 Division sales expense...... .. 11,690.90 
100 Administrative, and general 
Total adm., gen. sales div. 
39 61 Total yeast costs........... 71,766.30 112,597.01 184,363.31 _ 
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TABLE6 ESTIMATED SALES, COSTS AND PROFITS 7" 


— Analysis of cost 
Mfg. admin. and Freight and Branch 

——Total cost——. ——gen. sales-——. express - —Net profit— 
Amount Cents Amount Cents Amount Cents Amount Cents Amount Cents Amount Cents 


in per in per in per in per 
dollars pound dollars pound dollars pound dollars pound 


in per 
Branches ee Pounds dollars pound 
Eastern Division 


a. 


11.2 472.50 4. 447 .62 
ae 300.00 1. 1,280.95 
1,192.50 0. 6,243.30 


4,930. 
22/228. 


w 


| 
Hee 


Total, branches 
Baltimere plant 


Total, Eastern Division. 


bo 


11.2 3,553.19 
11.2 100.00 


11.2 3,653.19 


ao 


| 


o 
—] 
o 
~_ 


New England Division 
Boston 
Providence 


Raw 
one 


|: 


Cambridge plant 5,500 984. a7. 735. : 636.1 11.6 99.00 


no 


Total, New England Div. 36,275. ' ' 74 11.6 3,758.95 2.1 9,347.51 
Teed, East. and N. E. 


99,627. : . 11.3 7,412.14 1. 22,679.72 


1,124.93 
1,325.05 
1,339.99 


noo 
oor w 


Total, Central Division. . Bi 9,124.91 1,624.29 
Western Division 


o 


Pekin plant 3,000 612. 386. 344. 42. 225.11 


Total, Western Division.. 370,180 80,526. . 67,741. : 42,557. ; 6,578.85 1. 18,605.48 5. 12,784.86 


Total, Cent. and West. 
Di 520,840 111,130.67 96,721. 18.6 59,857. 9,133.65 ‘ 27,730.39 14,409.15 


1,030,000 210,7.°8.17 -4 184,363.31 17.8 117,407. -3 16,545.79 1. 50,410.11 4. 26,394 . 86 


TABLE 7 ANTICIPATED MONTHLY SALES AND EXPENSES BY DIVISIONS 


Eastern and New England Central and Western 
Divisions Divisions. Totals per month Totals per year——. 
Cents Amount, Cents Amount, en Amount, Cents Amount, 
Pounds perlb_ dollars Pounds perlb_ dollars Pounds per Ib dollars Pounds per lb dollars 

Yeast 

Net yeast sales 509,160 19.6 99,627.50 520,840 21.3 111,130.67 1,030,000 20.4 210,758.17 12,360,000 20. 2,529,098. 04 
-——-Baltimore plant——~ ————Pekin plant————— 

5 30,191.70 33,359.36 63,551.06 

Packing costs } 518,750 13,602.53 518,750 10,476.12 937,500 294078165 12+450,000 


Total mfg. costs 518,750 43,794.23 518,750 43,835.48 1,037,500 87,629.71 12,450,000 


Cost of yeast aschgd.tobchs. 512,870 43,318.25 524,630 44,311.46 1,037,500 87,629.71 12,450,000 
Less yeast destroyed at bchs. 2,597 ‘ 219.20 2,653 x 224.00 5,250 443.20 63,000 
Less yeast samples at bchs.. 1,113 ’ 94.00 1,137 ‘ 96.00 2,250 190.00 27,000 


Cost of finished yeast sold. . ‘ 43,005.05 . 43,991.46 86,996.51 
1,030,000 { 


Freight and express 7,412.14 9,133.65 16,545.79 
Branch operating expenses.. "5 22'679.72 520,840 27:730.39 50,410.11 12-360,000 604,921.32 
11,690.00 140,280.00 


Division sales expenses “1 5,695.00 5,995.00 


Total mfg. and distrib. 
costs -5 78,791.91 : 86,850.50 16.0 165,642.41 
120.0004 


762,612.72 
288,943 . 80 


1,051,556 52 
1,051,556. 52 
5,318.40 
2,280.00 


1,043,958. 12 
198,549.48 


~“ 
noo 


| 


@ 00 00 


| 


| 


. 


OD | 000000 


16.0 1,987,708. 92 
4.4 45,115.76 12,360,000 4.4 541,389.12 
1.7 8,849.88 ° 9,871.02 1.8 18,720.90 1.8 224,650.80 


Income from yeast operation 2.4 11,985.71 520,840 : 14,409.15 1,030,000 2.6 26,394.86 12,360,000 2.6 316,738.32 


Gross inc. from veast sales. . -1 20,835.59 .7 24,280.17 
Deduct prop. adm. and sell. 520,840 
exp 


Dollars Amount, Amount, Dollars Amount, Dollars Amount, 
ain perton dollars Tons dollars Tons perton dollars per ton dollars 
ains 


Dry grain sales 1,154.00 44.4 26.00 1,154.00 -8 26.00 13,848.00 
Wet grain sales............ : 984.00 “os eee 246 4.00 984.00 4.00 11,808.00 


Total grain sales 984.00 2,138.00 25,656 .00 


Deduct prop. adm. and sell. 
189.10 2,269.20 


858 
q 
in 
10,500 2,163.0 172.26 3 70.62 
30,000 5,790.0 349.31 «859.74 
springfiel 10,000 1,880.0 
«2,613.39 
19,500 3,841.50 19.7 3,754.09 19.3 2,239.16 ... 390.00 2.0 J 87.41 
24,000 4,584.00 19.1 4,440.94 18.5 2,755.89 ... 360.00 1.5 5 143.06 
30,000 6,030.00 20.1 5,324.85 17.8 3,444.86 ... 540.00 1.8 5 705.15 
| 
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Estimated 
totals 
for year, 
dollars Jan. Feb. March 


2,13 2,13 


MANAGEMENT 


TABLE 8 ESTIMATE OF CASH RECEIPTS AND DISBURSEMENTS FOR YEAR 


197,459 
2 


MAN.56-2 


Estimated cash receipts ; disbursements by months, dollar 
April May July Aug. Sept. Oct. Nov. Dec. 


207,690 214,852 230,197 227,128 233,276 
2,138 8 138 138 


350 350 350 350 350 350 350 350 350 350 350 350 
nee er rere 2,400 2 200 200 200 200 200 200 200 200 200 200 200 
pO ere rere re 3,900 325 325 325 325 325 325 325 325 325 325 325 325 
RE eae eee 2,400 200 200 200 200 200 200 200 200 200 200 200 200 
2,567,654 207,834 200,663 205,778 200,672 212,948 202,718 207,833 210,903 218,065 233,410 230,341 236,489 
Disbursements 
Expenses 
162,000 28,000 14,000 20,000 50,000 50,000 
DG) cola tihaCivbiececanns 20,577 149 2,675 548 10,843 1,566 50 800 550 43 2,843 10 
12,994 174 1,068 2,737 422 5,240 265 387 159 3 2,281 143 105 
RR Pree nee 64,000 6,300 5,750 6,400 6,050 5,900 5,300 4,900 4,300 4,750 4,700 4,650 4,500 
te rere 35,100 3,600 2,925 3,375 2,475 3,825 4,500 3,825 4,725 2,025 1,350 1,125 1,350 
Sales promotion........... wewaiee 41,760 3,050 3,050 3,800 1,850 1,850 2,850 2,350 2,350 2,350 5,850 2,1 10,310 
Branch salaries........ccccccccce 353,044 28,000 28,000 28,600 28,700 29,200 29,200 29,700 29,900 30,050 30,300 30,550 30,844 
Fluctuating expense.............. 715,032 57,850 55,826 57,272 55,826 59,297 56,404 57,850 58,718 60,743 65,082 64,214 65,950 
757,620 63,135 63,135 63,135 63,135 63,135 63,136 63,135 63,135 63,135 63,135 63,135 63,135 
12,000 2,000 2,000 1,000 1,000 2,000 2,000 2,000 
2,174,127 192,258 178,429 165,319 159,006 180,290 164,220 162,197 166,587 163,616 193,141 220,760 228,304 
Other Disbursements 
Capital: 
25,000 5,000 5,000 5,000 5,000 5,000 
ee 2,400 200 200 200 200 200 200 200 200 200 200 200 200 
5,000 1,000 3,000 500 500 
2,100 350 350 350 350 350 350 
DEE OUR ocecccecccccecce 6,520 950 950 950 950 340 340 340 340 340 340 340 340 
Sprinkler, Baltimore.............. 6,750 6,750 
_ «eee 5,000 250 250 250 1,250 250 250 250 250 250 1,250 250 250 
Mortgages interest............... 3,768 314 314 314 314 314 314 314 314 314 314 314 314 
86,388 13,664 15,514 16,414 13,364 8,304 9,454 1,104 1,954 1,604 2,454 1,104 1,454 
Total all Disbursements... ... -. 2,260,515 205, ‘922 193,943 181,733 172,370 188,594 173,674 163,301 168,541 165,220 195,595 221,864 229,758 
Cash on hand first of month.......  ...... - 180,000 181,912 188,632 212,677 240,979 265,333 294,377 338,909 381,271 434,116 471,931 480,408 
PE ee ae ... 207,834 200,663 205,778 200,672 212,948 202,718 207,833 210,903 218,065 233,410 230,341 236,489 
387,834 382,575 394,410 413,349 453,927 468,051 502,210 549,812 599,336 667,526 702,272 716,897 
Deduct disbursements....... wees eeseee . 205,922 193,943 181,733 172,370 188,594 173,674 163,301 168,541 165,220 195,595 221,864 229,758 
Cash on hand end of month.......  .....4. 181,912 188,632 212,677 240,979 265,333 294,377 338,909 381,271 434,116 471,931 480,408 487,139 


TABLE 9 ESTIMATE OF INCOME AND EXPENSE 


Average a month Amount 
er Amount, per 
Items Quantity unit dollars dollars 
Sales 
w t~ @ 20.4¢ 210,758.27 2,529,098.04 
Dried grains.......... 4 tons @ $26.00 1,154.00 13,848.00 
tons @ $ 4.00 984.00 11,808.00 
tte and Distribution Costs 
Mfg. cost 86,996.51 1,043,958.12 


Branch operating 50, 410.11 604,921.32 
Division expenses 11,690.00 140,280.00 


165,642.41 1,987,708.92 


8.4¢ 
Freight and express \ — 030,000 lb e{ 1. 16, 545.79 198,549.48 
1.1¢ 


Pee 44.4 tons $19.00 851.60 10,219.20 

Admin. and Selling Exp. 


18,910.00 226,920.00 


27,492.16 329,905.92 


Other Income 


Total other income..... 
Deductions From Income 


Int. on 253.50 3,042.00 
Total deduc. from income................... 2,217.00 26,604.00 


TABLE 10 SUMMARY OF BUDGET FOR THE YEAR 


Dollars 

Income 
Income from operation for the coming year, after allowing for 

all costs and expenses, including depreciation, i isestimated at 329,905.92 
After adding: 
Other income from discounts, interest, etc., amounting to. 12,900.00 
And subtracting: 
Interest and idle plant expenses amounting to............... 26,604.00 
Net income for the year is estimated at..................... 316,201.92 
Cash Position 
Cash on hand and in banks on Dec. 31, of previous year is 

Cash receipts from all sources during the year are estimated at. 2, 567" "654.00 

After deducting: 

(1) Estimated disbursements for purchase 

of materials, salaries, insurance, and other 

(2) Estimated disbursements for improve- 

ment of property, mortgage payments, 

It is estimated that, on December 31, coming year, there will 

be a balance of cash on hand and in ban , available for 

working capital and other corporation purposes, amounting 


These reports showed the appropriation in detail for which the 
officer was responsible, by months and the year to date, together 
with the actual expenditures with explanations of variations from 
the budget. 

In addition, the treasurer prepared a weekly profit-and-loss 
estimate as shown in Table 11. Numerous other reports were 
made to the management of which those shown in Figs. 3 and 4, 
are typical examples. Fig. 3 is the budget performance for the 
year shown by means of the Gantt Chart. A print of this 
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chart was prepared each month which showed the monthly expen- 
ditures under each item compared to the budgeted appropriation 
and also the cumulative amounts to date. Fig. 4 was a type of 
chart used to show the details of production costs by months, 
compared with the budgeted costs. Production costs per pound 
were estimated on two bases. On the right-hand edge of the 
chart are found the estimates of the cost in cents per pound by 
processes. These were: 


= Raw materials 
Mashing 


The dotted lines to the right of the heavy bars, showing total 
costs, recorded the actual processing costs. On the left-hand side 
of the chart are shown the costs in cents per pound, set up on a 
different detailed basis. These were 
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Electric power 
Refrigeration 
General and fixed charges 


Packing cost at plant 
Packing cost at cutting station.... 0. : ” 


REVENUE 100,000 200,000 300 


% tee Deduct interest and plant depreciation 
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WEEKLY ESTIMATE OF INCOME AND EXPENSE 


Amount, dollars—~ 
ending ending 
Feb. 7 Jan. 31 


TABLE 11 


Quantity ‘unit 
Sales 
Yeast 
Eastern division 
New England division. . 
Central division 


14,144.90 
8,278.84 
5,723.34 

18,174.60 


46,321.68 
39.50 


13,830. 


17,711. 
45,876. 


83, ,655 lb 
226,810 Ib 
342 gal. 
22 tons 


Total yeast sales 
Vinegar 
Dried grains 
Wet grains 


Manufacturing cost* 
yeast sold 

Cutting cost at branches 

Express and freight 

Branch operating 

Division sales expense 


Total yeast costs 
Vinegar 
Dried grains 


Total Costs 
Gross Profit 
Selling and Administrative Expense 
Administrative expense 
Selling expense 


34,817.35 34,193. 
35.06 
341.66 36. 


35,194.07 34,230. 
12,078.56 11,960. 


342 gal. 
22 tons @ $15.53 


3,081.98 
1,449.51 


3,081. 
1,449. 


Total sell. and adm. expense 4,531. 


_ Profit From Operation 7,429. 
Add. sundry income x 175. 


7,604. 
1,480. 


6,124. 


Net income 


* Yeast manufacturing cost 


Quantit Per unit 
120,728 @ 7.45¢ 
113,137 lb @ 7.25¢ 


233,865 lb @ 7.35 


Amount 
$ 8,989.17 
$ 8,199.10 


$17,188.27 


000 600,000 700,000 000 1,000,000 
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The light full lines to the left of the heavy bars records the details 
of these costs each month compared to the estimates. The 
broken line running across the middle of the chart records the 
relative total production each month. 

In order that all reports could be promptly prepared, a definite 
schedule for the assembly and dispatching of data through the 


Fic. 3 Comparison oF REVENUE AND Expenses WitTH BupGet, a8 oF DecemBER 31 


accounting department was established, based on careful time 
studies. During the first year, the results of operations were in 
close agreement with the budget. At the end of the second year, 
the sales predicted were $2,221,000 while actual sales were $2,227,- 
000. Profit on sales in that year was within 1'/, per cent of the 
budget estimate. 
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Fie. 4 ANALyYsIS oF PLANT Unit Costs 


BALANCING A BUDGET S = sales income = 
If, for example, C = $800,000 for year 

V = $600,000 for year 
when S = $1,200,000 for year, 


The type of business selected for illustration in this paper has 
not been seriously affected by the depression. In fact, changes in 
diet habits during hard times often cause an increase in the con- 


sumption of low-priced foods. In those industries in which —— 800,000 ~=—s 
marked adjustments in budgets and expenditures have had to ou 600,000 : 

be made, the use of the above charts, particularly the break-even 1,200,000 
chart, is of inestimable value in management and in theforecast- = = $1,600,000 


ing of probabilities of profit or loss. This shows that the company cannot be profitably operated un- 


It was shown by the author? that the constant total costs of 44+ these conditions at $1,200,000 annual sales. If the budget 
any industry are composed of two parts: Those fixed by interest, must be balanced by the reduction of the constant total costs 


depreciation, rent, taxes, and insurance; and those fixed by execu- alone, obviously these must be reduced to $600,000. If, however 
tive policy, such as salaries to officials and the annual advertising on ton por cunt of riable total 
appropriations. 
The variable total costs are also subject to change in relation 
, , 


to income as, for example, the commissions on sales, price changes} oy oven at $1,200,000 annual sales, the constant total costs 
in materials and wage adjustments due to the NRA. By the use snust be redeced von , : 


of the analyses given above, the effect of such changes in both 


constant and variable total costs is readily visualized. In fact, = BE ( 7 4 asa eee 
such an analysis is useful in indicating what and how much change Ss 
must be made in total costs in relation to income in order to bal- aon ww 
ance the budget. (1 570,000 ) 
An overall check on the effect of changes in any class of expense _—? 1,200,000 : 
may be had through the use of the following formula for balancing ; 
the budget: = $630,000 
C ___ The effects of any combination of cost changes on the lowering 
rts break-even income = 1—V/S as _ or raising of selling prices may be determined in like manner. 
where C = constant total costs 7) ConcLusIon 
V = variable total costs 7 = It is probably a fair assumption that, if every business enter- 


?“The Economic Characteristics of the Manufacturing Indus. the United States, including retail stores, 
tries,” by Walter Rautenstrauch, Mechanical Engineering, Nov., analyzed and budgeted as indicated in this paper, many of their 


1932. hazards would be reduced to minimum proportions. 
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Current Practise in 


One of the most revolutionary developments in mass 
_ production in many years is the introduction of surface 
broaching as a major metal-cutting process. Its greatest 
acceptance has come in the automotive industry, sup- 
planting many well-intrenched milling-machine opera- 
tions. 

This paper is concerned with a detailed discussion of 
surface broaching in the automotive industry, covering the 
general applications, design of broaches, description of 
broaching machines, etc. The paper also includes tabu- 
lar material giving production data such as broach speeds, 
broach life, productivity. 

Wherever possible, attention has been given to general 
applications of the method so as to be of interest to those 
concerned with metal cutting in various industries. 


IDESPREAD adoption of external or surface broach- 
ing by a number of important mass-production indus- 
tries has met with such marked success as to make it 

worthwhile for those concerned with machine-shop practise to 
investigate the subject. 

Needless to say, it is not a new method; it has been known 
for a great many years, but it has been only within the last two 
years that the possibilities of surface broaching have been 
seriously considered. Within the last 15 or 18 months unique 
equipment has been designed specifically for economical surface 
broaching which has almost caused a revolutionary change in 
machine-shop practise in mass production. 


Wuart Is Surrace BroacuHina? 


Surface broaching is a method of removing metal from the 
exterior surfaces of machine elements whether the surfaces be 
plane, irregular, or a combination of the two. It is essentially a 
“copying” method employing a long broach with a multiplicity 
of cutting teeth, the number of teeth and, consequently, the 
length of the broach being dependent upon the requirements of 
the specific job. 

The outstanding advantage of the method lies in the ability to 
remove a comparatively large amount of metal in a single pass 
of the broach from the rough surface to the final finish. Wher- 
ever an extremely fine surface finish is required, the broach may 
be equipped with an extra section of cutting teeth to serve the 
function of a burnishing tool. 


1 Engineering Editor, Automotive Industries. Mr. Geschelin re- 
ceived the degree of B.S. in mechanical engineering from Cooper 
Union, and has been connected for about eighteen years with the 
automotive industry as designer, engineer, production executive, etc. 
In his present position he specializes in production methods, manage- 
ment and manufacturing economics, and is in constant touch with 
manufacturing plants throughout the automotive industry. Heisa 
professional licensed engineer of the State of New York. Mr. 
Geschelin is a member of the Society of Automotive Engineers and 
the author of many papers presented before that organization. 

Contributed by the Machine Shop Practice Division for presenta- 
tion at the Annual Meeting, New York, N. Y., December 3 to 7, 
1934, of Tam AMERICAN Society OF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until January 10, 1935, for publication in a later issue of 
Transactions. 

Nots: Statements and opinions advanced in papers are to be 
—— as individual expressions of their authors, and not those 
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Surface Broaching 


APPLICATIONS OF SURFACE BROACHING 


In its present development the greatest impetus to surface 
broaching has come in the field of mass production, particularly 
in the automotive industry. A variety of operations which 
formerly have been handled exclusively by various forms of 
milling are now accomplished by surface broaching. These 
include such operations as cutting slots, serrations, grooves, 
bearing joints, recesses, etc. The method also has encroached on 
certain applications of surface grinding, gear roughing, and gear 
finishing, particularly in the formation of straight gear teeth 
and the roughing of bevel and helical gear teeth. 

Equipment is being developed to finish by surface broaching 
extremely wide, plane surfaces, such as may be found on engine- 
cylinder blocks and cylinder heads, now exclusively finished on 
huge drum- and table-type milling machines. Another important 
development is the finishing of cylindrical surfaces, such as crank- 
shaft journals. This process has already been adopted, experi- 
mentally, by one of the largest automobile manufacturers. 

The growth of the present movement is undoubtedly due to 
the cooperative effort and the friendly exchange of experience 
among a group of broach manufacturers and builders of broach- 
ing equipment whose chief objective has been to advance the 
knowledge of the art. 


BROACHES AND Broach DESIGN 


On the basis of available data, the author has found that 
practically all broaches used at present are of high-speed tool 
steel and generally built up of individual sections which provide 
for simple and economical replacement. Broach length varies 
widely according to the requirements of the individual part, also 
within the limitations of the broaching machine. For example, 
at least one operation (Chevrolet transmission case) uses a broach 
only 6!/2 in. in length, while a continuous horizontal machine has 
been tooled up with a broach 75 in. long. Only experience will 
show whether further advantage may be gained from the use of 
other types of tool materials as well as the practicability of using 
inserts of some of the cemented carbides for certain classes of 
work. 

Cemented-carbide broaches have been in use for several years 
in machining cast-iron (split), valve-guide bushings for one of 
the large car manufacturers. These are machined from rough 
castings on the split face and the half-round slot, in one operation. 
High-speed steel showed a high run of about 150,000 pieces be- 
tween grinds. Cemented carbide has made a high run of 800,000 
pieces between grinds and a record run of more than 1,000,000 
pieces. The cemented-carbide broach has been adopted as 
standard on this operation. 

The broach must be designed to suit the need of each indi- 
vidual job since tooth-spacing, thickness of the chip, clearance 
angles, height and width of the insert, and other factors can be 
determined only after a careful study of the part. Within these 
practical limitations, the length of sections in sectional broaches 
varies rather widely between 6 and 14 in. 

If the same broach is used on two slightly different parts, some- 
thing will be sacrificed; it may be the type of finish or the life 
of the tool or floor-to-floor time. The latter particularly will be 
sacrificed when a more or less standard broach is used as in small- 
lot production. It is suggested that the best design of a broach- 
ing-tool unit is one which would allow for a minimum time for 
replacement or a maintenance operation. This construction is 
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Fig. 1 Insert-Type Broacu Wits Quick-AcTING FIXTURE 
FoR Use IN A BrRoacHING MACHINE 


said to be approached by designing the broach with inserts which 
are mounted on a small subplate or several smaller subplates, 
each as light as possible. The insert unit and the subplates 
are then connected to a larger holder which is mounted stationary 
on the ram slide and acts as a support and locater for the smaller 
unit. Fig. 1 is an example of a broach of the insert type with a 
simple quick-acting fixture designed for use on a horizontal-type 
broaching machine. 

Fig. 2 shows the tooling for broaching the teeth in a cast-iron 
segment. The broach is concave to conform with the arc of the 
segment and is made in three sections bolted to a massive guide. 
The graduations from the forming of the arc to the finish-form of 
tooth profile are clearly seen. This job is set up on a vertical 
machine, the same machine being used for two other parts. 
The production rate is 225 pieces per hour. 

The more complex sectional broach shown in Fig. 3 was 
designed for automobile-engine connecting-rod operations. In 
operation 1 it is used to broach the large bore of the connecting- 
rod end and the two faces across the end of the rod. The broach 
is also used for operation 3, which finishes the corresponding sur- 
faces on the bearing cap. As indicated in section BB, the center 
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section of the broach is of semi-circular form, while the two outer 
broaches, C and D, are flat. The three sections are of the same 
length so that as the finishing insert is worn undersize, the first 
section on the roughing end is removed and all inserts are moved 
forward one section while a new finishing section is inserted. 
After this the entire broach is reground. 

Round broaches are so designed that they are interlocking, as 
shown in section AA. Two male projections are provided on 
each end, located in a bearing mounted on the broach holder. 
When two sections are joined together, a locking screw is inserted 
which draws the two round sections together and locks them 
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TOOLING FOR BROACHING THE TEETH IN A Cast-I RON 
SEGMENT 

(The broach is concave to conform with the are of the segment and is made 

in three sections bolted to a massive guide.) 
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Fie. 3. Secrionan Broacu DesiGNep FoR 


Se 
against the main channel of the broach. The broach inserts are 
provided with cutting teeth around the entire diameter, and as the 
teeth become dull on one side the locking screws are removed and 
the broach is turned 180 deg and locked as before. 

Each broach requires 18,000 to 22,000 lb pull as it removes 
about 7/3.-in. of metal per side from the half-round surface, both 
the rod and cap being broached from the rough forging. The 
estimated rate of production is about 300 pieces per hour per 
broach; the estimated number of pieces per sharpening is about 
15,000. 


BrROACHING MACHINES 


In investigating the development of surface-broaching equip- 
ment, it is interesting to find that initial applications, experi- 
mental runs, and small-volume production were formerly worked 
out on obsolete screw presses, rack-and-pinion punch presses, 
and, in fact, on any equipment capable of pushing a broach 
mounted on a ram slide. As a matter of fact, some jobs were 
handled on a planer with the work mounted in a fixture on the 
tool-post rail. 

For mass-production work today, the market affords a great 
variety of surface-broaching machines, chiefly of the vertical 
and horizontal types, with perhaps a greater preference for 
vertical types. Many of these machines operate hydraulically; 
some are of the rack-and-pinion type. Production machines are 
built with either single or double-ram slides, the latter being pre- 
ferred in high production because of the utilization of idle time, 
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Fie. 4 Duptex SurFAcE-BROACHING MACHINE FOR BROACHING 
To Size THe Joint Face aND ENps oF CRANKSHAFT-BEARING 


MACHINE-SHOP PRACTICE 


inasmuch as the operator can load one ram while the other is 
cutting. Examples of typical vertical machines follow: 

Fig. 4 is a duplex surface-broaching machine for broaching to 
size the joint face and ends of crankshaft-bearing caps. These 
caps are of gray cast iron with a maximum Brinell of 157. Two Pa = ® 
tilting fixtures are used in which the part is locked in place by a : Saas 
lever-operated cam. The average material removed is 0.6212 cu Bee 
in. per cap, the average rate of production is 398 caps per hour, ~ 
and the average number of caps per grind of the broach, 31,500. 

Fig. 5 shows a new vertical, 
hydraulic machine which has 
been developed. A number of 
these machines have been in- 
stalled in the Newcastle plant 
of the Chrysler Corporation. 
This machine features a one- 
piece, welded-steel structure 
and can be built with suitable 
tonnage capacity and width, 
height, daylight, stroke, etc., 
as required. Chips are readily 
removed through a chute at 
the left of the machine and the 
cycle may be controlled by hand 
or foot and semi-automatically 
or fully automatically. 

Fig. 6 shows a vertical sur- 
face-broaching machine. This 
machine is hydraulically oper- 
ated, of the pull type, and will 
handle broaches up to 44 in. in 
length. As shown in Fig. 6a, 
the machine is equipped with 
an automatic tilting fixture ar- 
ranged for handling two pieces 
at a time. The work is yoke- 
shaped, 2!/s in. wide; the cut 
is 1!/, in. deep; and an average 
of '/s in. of metal is removed 
from each surface. On this 
particular job the machine is 
tooled up for a semi-automa- 
tie cycle. The cutting stroke 
is started by pulling the operating lever. When the broaches 
complete the cutting stroke, the fixture automatically rises 
and the broach starts on its upward or return stroke. Dur- 
ing this portion of the cycle the operator removes the pieces 
and puts in two more for the next cycle. The floor-to-floor time 
for two pieces is 18 sec. This machine can be fitted with any 
type of fixture—tilting, sliding, or indexing. 

Fig. 7 shows a vertical, hydraulic, duplex broaching machine 
with an automatic indexing table designed to reduce idle time. 
This machine is so arranged that one ram goes up while the other 
moves down, one broach cutting during the cycle. The indexing 
of the table is controlled by a hydraulic mechanism interlocked 
with the operation of the vertical rams. The broach on the 
descending ram engages the work in the fixture which has been 
indexed to the cutting position, while the fixture on the opposite 
side of the table has been indexed to clear the broach on the 
ascending ram. At the completion of the cutting stroke of one 
ram and the return stroke of the other, the rams stop, the work 
table indexes, the rams reverse their direction of movement, 
and the cycle of operations repeats itself. 

For very high rates of production, ranging upward of 1800 
pieces per hour, several different types of fully automatic, con- 
tinuous broaching machines have been developed. Such a hori- 
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zontal, continuous surface-broaching machine is shown in Fig.8. broach holders, one at the top and one underneath, where the 
In this machine the individual fixtures are mounted on the chain nature of the work requires operations on both ends. The fix- 
which wraps around the driving and the idler sprockets. The tures usually are of the automatic-clamping type. The operator 
number of fixtures is governed by the production desired and the _ places the work in the fixtures where it is equalized by a cam 
guide at the point where the 
fixtures automatically lock by 
means of a built-up pressure 
from a cam hammer blow. 
After the fixtures pass through 
the broach, they are automati- 
cally released by a cam and at 
the unloading position the work 
drops out of the fixture into the 
chute. 

More recently this machine 
has been designed to handle 
work with indexing fixtures; 
Fig. 8 is an example of this 
type. This particular machine 
is arranged for squaring both 
ends of a shackle pin. In op- 
eration, the pins pass through 
the first set of broaches machin- 
ing two flats at each end; a 
second set of broaches is lo- 
cated directly beneath the fix- 
tures and performs a similar 
operation on the other end of 
the pin. After this cut the 
groove on the top plate of the 
fixture engages the indexing 
pin, and gives the work-hold- 
ing spindles one-quarter of a 
turn. The work then proceeds 
through the remaining strad- 
dle broaches completing the 
square, after which the pin is 


a automatically ejected from the 
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size of the work. Power is transmitted to the chain through a Fic. 8 Horizontau, Fuuty Auvromatic, Continuous Broacs- 
worm set connected directly to an individual-motor drive. The 1nG Macuing, Desienep ror Hicu-Propuction Work Ranc- 
fixture tunnel is mounted on the bed of the machine, providing en Sree nee 


hardened-steel guides for the fixtures. broaching machine is shown in Fig. 9. The machine is so de- 
This machine is very flexible and can be designed with a signed that a considerable length of broaching-tool surface can be 
broach holder at the top as shown or with a combination of used, the broaching tools being made up of various sections so 
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that any section can be replaced or reground with little expense. 
The tools are mounted around the rim of the column on the 
finished platen which extends 190 deg around the column. The 
machine illustrated is equipped with fixtures for broaching 
yokes, the operation consisting of finishing the four bearing sur- 
faces. It has a total of ten work fixtures with a table rotation 
of one revolution per minute or a production of ten finished 
pieces per minute. 

The rotary action of the machine in combination with sta- 
tionary broaches and a certain 
type of broach tooth is said to 
give a unique shear action that 
is very desirable in removing 
metal. The chipsremoved by 
this machine are said to be dif- 
ferent from those produced by 
any other broaching method. 
The life of the tool is said to be 
prolonged by this shear effect 
to the extent that a production 
of more than 200,000 pieces 
can be obtained from a set of 
tools. The machine is fully 
automatic, the function of the 
operator being confined to load- 
ing and pulling a starting lever. 
As the work comes out from the 
final cutting operation, it is 
automatically loosened by 
means of a roll that comes in 
contact with the lever. 


In addition to the produc- 
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tion machines described, there are other developments still in 
the experimental stage but of great interest nevertheless. One 
of these is the huge horizontal machine shown in Fig. 10 
which was built experimentally for finishing the entire top or 
bottom surface of cylinder blocks in one pass of the broach. As 
shown in the illustration, the broaching tool is of built-up con- 
struction using inserted single-blade teeth. 


DetaILs OF APPLICATION 


Fig. 11 shows parts being finished by surface broaching at the 
Chevrolet transmission plant, Toledo. Materials include cold- 
rolled steel, cast iron, and alloy steel. Production figures on 


each of the parts are given in Table 1. While space does not 
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permit a detailed examination of each of the parts shown in Fig. 
11, Figs. 12 and 13 have been selected as being typical of the prac- 
tise at this plant. 

Fig. 12 shows the formation of the tongue on the end of the 
countershaft. The operation is handled on a horizontal broach- 
ing machine finishing four shafts at a time. This view shows the 
detail of the 48-in. broach which is pulled hydraulically under the 
fixture. 

One of the most interesting applications of surface broaching 
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(The operations of broaching some of these parts are shown in Figs. 12 and 13, 
and production figures on each of the parts are given in Table 1.) 


Various Cast-Iron, AND ALLOY- 


is the cutting of gear teeth or sector notches as in Fig. 13. Here 
is a horizontal, hydraulic broaching machine set up for forming 
the notches in the brake-sector stamping. Six stampings, !/, in. 
thick, each with seven notches, are finished in one pass of the 
broach. Five of the stampings are ready for use directly after 
broaching, while the sixth, the one near the power end of the 
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CHEVROLET BROACHING PRACTISE As the broach ram starts, a roller in contact 
Broach 


= ea al with the cam operates a hydraulic cylinder, 
Broach face pieces locking the parts rigidly in position while 
length, speedft. per Life of Cutting B P 
Description Operation Material in. permin. grind broach compound they are being broached. At the completion 
Countershaft Forming tongue on 1020C.R.S. 48 30 7,000 42,000 Soluble oil. i of the stroke the fixture releases the parts for 
one en -to-1 mixt. 
Shifter Shafts Cutting notches and 1020C.R.S. 32 30 7,500 37,500 Soluble oil unloading. Four separate surface broaches 
ocater slot in one j > ¢ 
operation with two are suitably located on the broach holder to 
separate broaches complete this operation. The broach holder 
Hand-brake Cutting teeth (61,010 6,500 39,000 4% sulphurized 
esctors 1/,-in. pieces per mineral oil, full is self-contained in the fixture, operating in 
cut) stampings strength ‘na 
Second and Cutting slots (3 in. Vanadium ‘ : 8,400 11,200 Soluble oil its own ways, the broaching machine ram 


third speed one end broached on 6150-A (slots) (3 slots (10-to-1 mixt.) being used only to move the broach holder 
clutch sleeve one machine. 3 in. in each ‘ 
in other end on piece) the length of the stroke. Approximately 


another machine) 
Transmission Shift-rail slot Cast iron 2 70,000 150,000 None 0.004 in. of stock is removed per side on each 


Shifter fork First operation, 1035 2,500 15,000 Soluble oil 
Broach slots, Forging (10-to-1 mixt.) An interesting application is the cutting of 
a een, , 2,600 15,000 Soluble oil deep, narrow, radial slots in speed-reducer 
finish pads and (10-to-1 mixt.) rings. Theslots are 18 deg apart, 0.153 in 

wide by 1'/,.in. deep. Broaching is done on 
a horizontal, hydraulic broaching machine at a cutting speed of 
27 fpm. Each slot is cut singly and the fixture is indexed. The 
material is cast iron. The production rate on this machine runs 
14 pieces against four pieces per hour, the previous milling time. 

The life of the broach is 10 to 12 grinds and tool life between 
grinds runs about 3800 to 4000 finished pieces. 

Another interesting job is the broaching of two diameters on the 
ring wing for hydraulic shock absorbers made by Houde Engineer- 
ing Corporation as shown in Fig. 15, the operation is performed 
on a horizontal broaching machine with a 15-hp drive. One 
broach is cutting while the other is returning to the loading 
position. The details of the operation follow. 

The operation shown here is the rough broaching of the small- 
radius segments to a diameter of 1.261 in. from the rough forging. 
The diameter of the forging before broaching is 1.295 to 1.340 in. 


Fic. 12 ForMaTIoNn oF TONGUE ON THE END OF THE COUNTER- 
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broach, requires a separate operation to remove burrs. Finished 
pieces are stored in a tote pan at the left; stampings ready for 
the loading in the fixture are shown in place on the bar in the 
background. 

Fig. 14 shows two machines used by a large automobile manu- 
facturer for broaching the bearing face and the parting line of 
steel-backed, connecting-rod bearings. Both operations are 
performed prior to final boring and are considered truing opera- 
tions. 

The machine at the right broaches the surface of a half-round 
hole in two half-bearings in one operation. The holding fixture 
which is self-contained is hydraulically operated. The part is 
inserted in the fixture and held in position by a spring action 
which is cam operated during the broaching operation. As the 
broach returns to the loading position the fixture is automatically 
opened for unloading and reloading of new parts. 

The broaching ram which travels in a vertical plane slides in 
ways incorporated in the fixture. The broaches are made in 
sections, adjustable for depth of cut by the use of tapered wedges. 
When the broach becomes dull it can be rotated 180 deg to make 
available a new set of cutting teeth. 

Following this operation the parting line of each bearing is 
broached on the machine at the left. The fixture used for hold- 
ing the two half-shell bearings is hydraulically operated. After 
the parts are inserted into the fixture, a clamp exerts a light F . 

1¢. 13 Currinc Gear or Sector NOTCHES ON A 
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One man operates one machine with two broaches and performs 
500 broaching operations per hour. A pull of approximately 
9000 Ib is required for each broach. The material is a 0.10 to 0.20 
silicon, heat-treated carbon steel with a Brinell hardness running 
about 285 to 321. 

A really outstanding, specialized application is that of broach- 
ing the bearing-cap slots or the bearing lock in the bottom of a 
cylinder block at the Plymouth Motor Co., producing 110 cylinder 
blocks per hour with one handling of the work. Only one opera- 
tor is employed. 

As shown in Fig. 16, the machine is of the horizontal-type, 
hydraulically operated, and is in the conveyer line. The work is 
rolled off the conveyer into a fixture rigidly fastened to the bed of 
the machine. The operator throws the air valves which lower the 
piece firmly on to locating blocks fastened rigidly to the bed, 
where it is lined up by dowel pins, throws an air valve, con- 
trolling wedge-operated, end stopping members, rigidly to sup- 
port the work against the end thrust of the broach, and then 
throws the lever to start the machine. The broaching table 
carrying the broach cutter moves forward under the work, broach- 
ing the four slots at one pass. At the completion of the cut the 
air valves are thrown in the reverse direction, the piece is raised 
out of the path of the broach, and the cutter then returns to its 
starting position. The temporary end stop is removed, and the 
operator pushes the work out of the fixture. 


TABLES AND PropucTION DaTa 


While it would be rash to generalize as to the probable life of 
the broaching tools, some conclusions may be drawn from the 
available production experience. Some of the early perform- 
ance figures were given in the author’s 1934 S.A.E. Annual Meet- 
ing paper.! The higher values of tool life between grinds of the 


~ 1 “External Broaching Future Visioned From Study of Current 
Practise,’’ by Joseph Geschelin, published in the S.A.E. Journal, 
February, 1934. 
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broach are corroborated by experience at the Plymouth Motor 
Car Corporation where the tool life in finishing bearing caps is 
31,500 pieces between grinds and for drop-forged connecting rods, 
21,600 pieces between grinds. On the cylinder-block operation 
with the broach taking four widely separated intermittent cuts, 
the broach life between grinds runs about 7000 blocks. 

From available data it appears that the surface speed of a 
broach generally varies from 18 to 33 ft per min and in one case, 
that of the clutch-sleeve operation at Chevrolet 
(Table 1), the surface speed is 36 ft per min. The 
difficulty in attempting to rationalize such data 
lies in the fact that few of the applications are 
comparable on a common basis. For instance, 
much of the early work was done on obsolete or 
make-shift machines and obviously the production 
figures can be greatly improved. Then again, 
there are the variations that result from the 
machining of totally different kinds of metals, 
as well as the profound differences which may 
come about through the use of special broaches 
and fixtures. 

It seems most significant, however, that even 
the lower production figures quoted here are pre- 
sumed to be a vast improvement over previous 
methods of metal cutting. However, these results 
bid fair to be greatly surpassed by the performance 
of the new high-production equipment that has 
been made available recently. 


Cuttine Fiuips 


Current practise in the utilization of cutting 
fluids for surface-broaching operations shows how 
difficult it is to generalize from previous metal- 
cutting experience. For example, since surface 
broaching is partly a shearing action accompanied 
by the liberation of considerable heat, it was 
thought at the outset that the only suitable cut- 
ting fluid would be one possessing extreme-pressure 
ft.) characteristics and exhibiting to the greatest degree 
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the properties of an efficient refrigerant as well as one with good 
lubricating and wetting-out properties. 

As a matter of fact, many applications have been successfully 
handled with a suitable sulphurized cutting fluid. One specifica- 
tion where surface finish is not very important, is the use of a 
mineral oil of Saybolt viscosity ranging between 150 to 170, con- 
taining not less than 2 per cent sulphur. For fine finish the same 
material is used with the addition of 10 per cent of lard by weight. 

However, during the past year, with the increasing experi- 
ence in large-quantity production, some of the largest users of 
surface broaching have found that the majority of operations 
can be handled economically with an inexpensive, soluble-oil 
mixture. One example is the Chevrolet transmission plant 
(see Table 1) where a 10-to-1 soluble-oil mixture is being used 
for all operations including the machining of alloy-steel forgings. 
The only exception here is the cutting of teeth in the hand-brake 
sector, where it is found necessary to use a 4 per cent, sulphurized 
mineral oil, full strength. 

At Chevrolet and elsewhere, the fairly large cast-iron parts are 
machined dry. Some small cast-iron parts have been broached 
with a cutting fluid consisting of a mixture of paraffin oil and a 
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small quantity of kerosene. This mixture is said to work 
equally well on brass and bronze, producing a fine finish as well 
as giving long life to the broach. 


CoNCLUSION 


To summarize, surface broaching has created a distinct revolu- 
tion in machine-shop practise, supplanting in many cases certain 
familiar processes which have been used for a great many years. 

For obvious reasons it has been impossible to get any figures 
on comparative production costs. However, it is safe to assume 
that the successful manufacturers who have adopted this method 
in recent months would not have made so significant a change, 
entailing as it does a considerable capital investment, without 
having first demonstrated the overall economies of the method. 

At present, the art of surface broaching seems to be best suited 
for large-volume production and all of the new equipment which 
has been announced during the past year is designed for high 
production. Whether this new method van be of economic 
value in small-lot production, and indeed whether it can be 
adapted to small-lot production, is something that will bear 
further investigation. 
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This paper is concerned with an examination of possible 
causes of the discrepancies which are sometimes found be- 
tween pitot-tube measurements and nozzle measurements 
of the volume of air flowing in a fan-discharge duct. 
Among the conclusions reached are the following: (1) 
Air pulsations may cause a small error; (2) Incorrect loca- 
tion of the outermost pitot-tube station results in an error 
of at least 0.6 per cent; (3) pitot-tube errors and non-axial 
flow are the principal sources of error. 

This paper also gives the characteristics of various pitot 
tubes, shows that non-axial flow exists in the discharge 
from single-inlet-centrifugal and propeller-type fans and 
indicates that this discrepancy can be eliminated by the 
use of egg-crate straighteners which it recommends for 
adoption in standard test practise. It is indicated, too, 
that the present standard length of test discharge duct 
can be halved without loss of accuracy and the friction 
coefficient omitted. 

It is recommended by the author, as a result of the study 
covered by this paper, that for test purposes the term 
“velocity head’”’ should be redefined and that a more pre- 
cise specification for the pitot tube should be adopted. 


By LIONEL 


method of measuring the volume of air flowing along a fan- 

' discharge duct gives results which may be considerably in 
error. Hagen? has published a table of comparison of volumes, 
measured simultaneously by pitot tube and by nozzle, and shows 
that whenever there is a discrepancy between the two measure- 
ments the pitot tube yields the high value and that the discrep- 
ancy may be as much as 18 percent. He suggested that velocity 
pulsations might be responsible for the discrepancy and pre- 
sented records from a vibrograph showing the frequency and 
amplitude of air pulsations in certain ducts. Further work 
along the same lines in the Gordon McKay Laboratory of the 
Harvard Engineering School with instruments of greater precision 


[: HAS BEEN well established that the pitot-tube-traverse 


Air Flow in Fan- -Discharge Ducts 
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indicates that such pulsations actually occur but, so far as the | 


observations of the author extend, they appear to be of small 
amplitude and of numerous and varying frequencies. It seems 


1 Professor of Mechanical Engineering, Harvard University. 
Mem. A.S.M.E. Professor Marks was born in Birmingham, Eng- 
land. He received the degree of B.Sc. from the University of London 
in 1892 and M.M.E. from Cornell University in 1894. He was with 
the Ames Iron Works, Oswego, N. Y. in 1894 and then went to Har- 
vard University as instructor in mechanical engineering. In 1900 he 
was made assistant professor and in 1909 was advanced to his present 
position. Professor Marks is author of ‘Steam Tables and Dia- 
grams,” ‘‘Gas and Oil Engines,’ ‘‘Mechanical Engineers’ Handbook,”’ 
“The Airplane Engine,” and has contributed numerous articles to the 
technical press. 

2“Pulsation of Air Flow From Fans and Its Effect on Test Pro- 
cedure,” by Hagen, A.S.M.E. Trans., vol. 55, 1933, paper FSP-55-7. 

Contributed by Power Test Code Committee No. 10 on Centrifugal 
and Turbo-Compressors and Blowers for presentation at the Annual 
Meeting, New York, N. Y., December 3 to 7, 1934, of THe AMERICAN 
Society or MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until January 10, 1935, for publication in a later issue of Transac- 
tions. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
the Society. 
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to the author very improbable that such pulsations can account 
for more than a small fraction of the observed discrepancies. 
The possible sources of error, in addition to pulsation, appear to 
be: 
(1) Errors in the A.S.H.&V.E. standard test method : 
(2) Errors in the pitot tube eo) 
(3) Non-axial flow of the air. 


ERRORS IN THE STANDARD Test METHOD © 


With round ducts, the A.S.H.&V.E. Standard Test Code pre- 
scribes not less than 20 pitot-tube readings (not less than two 
traverses, of 10 readings each, along perpendicular diameters) 
at the centers of areas of five equal concentric areas comprising 
the section of the duct. The pitot-tube locations are thereby 
fixed at distances 0.316, 0.548, 0.707, 0.837, and 0.949 times the 
radius from the center of the duct. 

This procedure would give correct results if the velocity 
measured at each location were the true mean velocity for its 
zone. The correctness of that assumption should be examined. 
With turbulent flow, Prandtl? and others have shown that the 
velocity of flow along a smooth boundary is proportional to the 
seventh root of the distance from the boundary for moderate 
Reynolds’ numbers and to the eighth root for high Reynolds’ 
numbers. The author has investigated this law by traverses 
with a very small impact tube in round and square ducts over a 
considerable range of air velocities. His observations verify 
those of Prandtl. 

Assuming the seventh-root law to hold, for a duct of radius R, 
the velocity at a distance y from the boundary is given by V = 
ky'/", where kR'/’ is the center-line velocity. The mean velocity 
for the whole duct is 49/60 times the center-line velocity. The 
mean velocity in any annular area with boundaries y;, y2 is given 
by the expression 


(ye — ~)(2R — yz — m) 


For the outer fifth of the cross-section the mean velocity is 
0.631 times the center-line velocity. The velocity measured at 
the standard distance of 0.949 R from the center is 0.6545 times 
the center-line velocity. The error due to the use of the standard 
location in the outer fifth of the cross-section is 1/5(0.6545 — 
0.631) X 60/49 = 0.006 or six-tenths of one per cent. 

An examination of velocity-distribution curves obtained by 
traverses of fan-discharge ducts shows that the seventh-root law 
does not apply except near the boundaries. For other than the 
outermost annular zone the velocity changes are gradual and the 
assumption that the velocity at the standard location is the cor- 
rect mean velocity will not lead to appreciable error. The 
seventh-root law is usually correct in ducts 30 in. or larger in 
diameter and for the usual range of velocities, for a distance of 
about 2 in. from the boundary. Consequently, it may be con- 
cluded that with 10-point traverses the A.S.H.&V.E. standard 
test procedure will give results about 0.6 per cent too high and 
that this error can be eliminated by locating the outermost pitot- 
tube station at the place giving the correct mean velocity. This 


3 — Physics of Solids and Fluids,”’ by Ewald, Péschl, and Prandtl, 
p. 281. 
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location is at a distance of 0.961 R from the center instead of the 
standard 0.949 R. In large ducts, the seventh-root law may not 
apply to the whole outer ring. In this case the error resulting 
from the use of the standard pitot-tube location will be increased 
and the proposed new location, while inaccurate, will still be 
preferable. The velocity curve for the outer fifth of the area 
and the locations of the 
standard and the correct 
pitot-tube locations are 
shown in Fig. 1. 

The standard procedure 
for a pitot-tube traverse de- 
fines the minimum number 
of readings as 10 per diame- 
ter. A comparison of vol- 
umes determined by 10- and 
20-point traverses (per di- 
ameter) shows a difference 
that does not exceed 0.4 
per cent, which may be re- 
garded as within the errors 
of observation. It would 
appear that a 10-point tra- 
verse is sufficient. 

Rectangular ducts are 
permissible according to the 
A.S.H.&V.E. Standard Test 
Code. Pitot-tube readings 
are taken at the centers of 
equal areas over the cross- 
section. The number of 
these equal areas must not 
be less than 16 and need 
not be more than 64. With 
less than 64 readings the 
centers must not be more than 6 in. apart. The author has 
compared volume measurements ina duct which changes from 
round to rectangular with standard transformation piece and 
standard duct lengths. The results showed rectangular-duct 
volumes about 1.3 per cent less than the round-duct volumes but 
this result should not be generalized, especially as the rectangular 
duct was smaller than the round duct. In general it would ap- 
pear to be undesirable to use rectangular ducts for accurate 
work because of the larger ratio of boundary to cross-section 
and also because of the lower rigidity of the structure and the 
consequent changes in form of the duct as the static pressure 
changes. 

Summing up, it would appear that the standard procedure with 
a round duct and 10-point traverses but with changed location of 
the outermost pitot-tube position would give correct volumes if 
the pitot tube is accurate, if the flow is axial, and if there is no 
appreciable pulsation. 
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Prirot-TuBE ERRORS 


The pitot tube described in the A.S.H.&V.E. Standard Test 
Code for Fans is indefinite in one respect. Considering, for the 
purposes of description, that the tube is oriented for a vertical 
traverse, the code drawing shows the tube with three static 
orifices on one side, each 0.02 in. in diameter. The text states 
that there shall not be fewer than four orifices, not exceeding 0.02 
in. in diameter, but does not specify their locations. Presum- 
ably it is intended to have three orifices on each side of the tube. 
The practise of many investigators is to have one or two orifices 
in each side, the top, and the bottom of the tube. So long as the 
tube is oriented in the direction of the air stream, these various 
arrangements give identical results. a 


If, however, the directions of the pitot tube and of the air 
flow do not coincide, the location of the static orifices becomes im- 
portant. With orifices in the sides only, the variation in velocity 
head which results from a rotation of the tube stem is as shown in 
Fig. 2. The maximum value is obtained with correct orientation, 
and this value falls off 2 per cent for a 10-deg and 5 per cent for 
20-deg deviation. 

If the static orifices are located at the top and bottom of the 
tube, the tube has the entirely different characteristic shown in 
Fig. 3. The velocity-head reading increases with the inclination 
of the tube to a maximum of about 11 per cent at a 30-deg inclina- 
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tion and then comes back to its correct value at an inclination of 
about 45 deg. The inclination of the tube in this discussion is 
assumed to result from the rotation of the stem of the pitot tube. 

These results are in accordance with well-known aerodynamic 
phenomena. With the holes in the sides of the tube, inclining 
the tube to the air stream results in impact effect on the holes 
presented to the stream and vacuum on the holes on the down- 
stream side of the tube. As the impact pressure is greater than 


the vacuum (as shown by numerous test results) the apparent 
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static pressure will be increased and consequently the velocity 
head (which is the difference between impact and static pressures) 
will be decreased. With the holes at the top and bottom of the 
tube, inclining the tube results in a flowof air past the holes which, 
in the direction of air flow, are now located at the ends of the 
short axis of an elliptical tube section. As the inclination in- 
creases, the long axis of the ellipse shortens until at a 90-deg in- 
clination the section becomes circular. Aerodynamic theory 
shows that the velocity of the air at the locations of the holes will 
change from v (the velocity of the general air stream) when the 
tube is correctly oriented, to 2v when the tube is at 90 deg to the 
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airstream. As the inclination of the tube increases, the velocity 
head at the static orifices increases and the static pressure must 
decrease correspondingly. Consequently, the velocity head indi- 
cated by the pitot tube will increase. 

With static orifices at the sides and also on top and bottom, the 
pitot-tube characteristic is shown in Fig. 4. It will be seen that 
the indicated velocity head increases negligibly and that it re- 
mains practically constant for an inclination of about 25 deg on 
each side of the correct orientation. 
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A possible source of error is shown in Fig. 5, which is for a tube 
with static orifices on the sides as well as top and bottom. The 
unsymmetrical characteristic curve in this case was found to be 
due to the fact that the inner tube was bent slightly and caused 
some constriction on one side of the tube. It shows that side 
orifices are very sensitive to slight clogging. 

In Europe two types of pitot tube are used. The Brabbée 
tube is similar to the A.S.H.&V.E. tube but has its static orifices 
at the extremes of two diagonal instead of the vertical and hori- 
zontal diameters. The characteristics of this tube are shown in 
Fig. 6. 
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The most widely used European form of the pitot tube is the 
Prandtl tube; the characteristics of this tube are shown in Fig. 7. 
It will be seen that the velocity-head reading is constant for an 
inclination of 15 deg on each side of the correct orientation. The 
static orifices are replaced by a comparatively wide slot so that 
the possibility of clogging is greatly reduced. a 
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The direction of flow of the air in a fan-discharge duct will an 


| 
= 
i 
i} 
| 
= 
| 
INS 
3 
= 
- 
a 
> 
7 


874 ee TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS ee 


depend upon the character of the flow as the air enters the duct. 
Minor eddies are excluded from this discussion. If the air enters 
with flow parallel to the axis of the duct, it is to be presumed that 
such axial flow will continue. If, however, the air discharges 
from a propeller fan into the duct, the air will enter with a 
marked rotational or swirling flow and this will persist for a con- 
siderable distance. At the usual measuring location of 7.5 
diameters along the duct, the whirl will continue with but small 
abatement. Such rotational flow is to be found not only in the 
discharge from propeller fans but also from certain centrifugal 
fans. 

The influence of the existence of a tangential component to the 


1.4 T 


Ve | ocity Correction Factor 


10 20 30 


40 S50 

Inclination of Tube, Deg a 

Fic. 8 Correction Factors 

Curve a, Correction factor for tube inclination. 

Curve b, Correction factor for Prandtl tube. — 2 

Curve c, Correction factor for pitot tube with static orifices at sides, top, 

and bottom. 
Curve d, Total correction factor for Prandtl tube. 
Curve e, Total correction factor for pitot tube with static orifices at sides, 
top, and bottom. 
Curve f, Total correction factor for A. S.H.&V.E. tube. 


air flow on the accuracy of volume determination by a pitot-tube 


traverse is twofold: 

(1) The pitot tube is oriented in an axial direction while the 
air stream is inclined to that direction. The influence of this 
inclination on the pitot-tube reading has been discussed in the 
preceding section. If the inclination is known, and also the 
pitot-tube characteristic, it is possible to obtain a corrected pitot- 
tube reading. 

(2) The corrected pitot-tube reading gives the correct velocity 
head of the air and from this there can be obtained the velocity 
along the path of flow. The volume flowing past any element of 
the cross-sectional area is equal to the axial component of the 
velocity multiplied by the area of the element. If, at the element 
considered, the direction of flow is inclined at an angle a to the 
axial direction, the axial component is v X cos a. 

If the pitot-tube characteristic is known and if the angle of 
whirl of the air is observed at each of the pitot-tube stations, it is 
possible to calculate the volume flowing from a standard pitot- 
tube traverse. In Fig. 8, the curve a is a cosine curve and gives 
the correction factor for non-axial flow. Curves 6 and c are 
correction factors for pitot-tube errors resulting from inclination 
of the air stream; they are the reciprocals of the square roots of 
the values given in Figs. 7 and 4, respectively. 


Multiplying correction factorabythefactorb(ifaPrandtltube 


has been used) gives the total correction factor, curve d. To ob- 
tain the correct axial velocity at any point, the velocity calculated 
in the standard manner must be multiplied by a total correction 
factor which for the Prandtl tube may be taken from curve d. 


If this is done at each of the standard pitot-tube stations, the 
actual volume of air flowing can be obtained. 

Curve e gives the total correction factor for a pitot tube with 
static orifices in the sides, top, and bottom. Curve f gives values 
for the standard tube with static orifices in the sides only. 

In order to ascertain whether the air has swirling motion, tra- 
verses were made in various discharge ducts with a transverse 
tube devised by the author.‘ This instrument is of great sensi- 
tivity and will give flow directions with an accuracy better than 
one degree. In making a traverse along the diameter of the duct 
it will give the true angle of flow unless there is a radial compo- 
nent. The investigations of the author do not indicate the pres- 
ence of any such component. 
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Fig. 9 ANGLE OF WHIRL oF AIR STREAM FROM A 24-IN. GENERAL 
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4“The Determination of the Direction and Velocity of Flow of 
Fluids,’ by L. S. Marks, Jour. Franklin Inst., vol. 217, Feb., 1934. 
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With a General Electric Company fan of the propeller type 
and of 24-in. diameter, discharging into a duct, the observed di- 
rections of air flow are shown in Fig. 9. The duct was 25 in. in 
diameter and the fan operated at 800 rpm. For the outermost 
6 in. of the radius the inclination of the air stream was fairly con- 
stant at a value of about 30 deg. For the inner 6 in. the inclina- 
tion varied in almost direct proportion to the radius. Careful 
pitot-tube traverses of the duct by the standard method gave a 
value of the volume of air flow which was 13.7 per cent higher 
than that obtained by a pitot-tube traverse in the same air after 
it had passed through a straightener. Correcting the observed 
velocity heads by the factors of curve e, Fig. 8, the resulting caleu- 
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blade Sturtevant fan of 34.5-in. diameter, operating at 720 rpm 
gave the air-swirl angles shown in Fig. 11. With this fan the 
pitot-tube traverse gave volume measurements which were 9 per 
cent greater than the simultaneous nozzle-volume measurements. 
Corrected for the angle of swirl by the factors given in"curve é, 
Fig. 8, the corrected pitot-tube volumes become only 1.5 per 
cent greater than the nozzle volumes. 

The three fans just discussed are the only fans, showing a dis- 
crepancy between pitot-tube and nozzle-volume measurements, 
which have been available to the author for investigation. While 
it is obviously desirable to extend this investigation to other fans, 
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In order to obtain more information as to the character of the 


oxibe - whirling flow shown in Figs. 9, 10, and 11, further analyses were 


made. Applying the correction from curve e, Fig. 8, to the 
velocity-head readings of pitot-tube traverses, gives the correct 
axial velocities; from the angles of Figs. 9, 10, and 11 the tan- 
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gential velocities are then obtained. These are shown in Figs. 
12,13,and14. From the tangential velocities the angular veloci- 
ties of whirl were calculated and are also shown. 

It will be observed that in Fig. 14 the angular velocity reaches a 
peak in the center and falls off very rapidly as the radius increases. 
While the rate of decrease of angular velocity is not as rapid as in 
a free vortex, there is a definite approximation to that type of 
flow. 

With a true whirling motion, centrifugal forces will be set up 
which will cause an increase of static pressure from the center 
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Fie. 15 Static PRESSURE VARIATION ON A HORIZONTAL TRAVERSE 
OF THE DISCHARGE Duct oF a 34!/.-IN. SINGLE-INLET STURTEVANT 
Fan 


outward. This was investigated by making a differential static- 
pressure traverse in the discharge duct of the 34.5-in. Sturtevant 
fan (Fig. 11), keeping one static tube at the center, and shifting 
another static tube to the various standard pitot-tube-traverse 
stations. The tubes were connected to opposite ends of a man- 
ometer. The static tubes used were the American Society of 
Heating and Ventilating Engineers pitot tubes which, as shown 
later, are not affected by inclination to the air stream. The re- 
sults of this traverse are shown in Fig. 15. It is seen that for 
about two-thirds of the radius, the static pressure increases in 
direct proportion to the radius, and that, for the outer third, the 
static pressure is constant. Approximate calculations of the 
increase of static pressure with whirling flow agree fairly well 
with the measured values. 


SINGLE- AND DovusB.E-INLET Fans 


_ Whirling flow is of occasional occurrence in fan discharge ducts. 
The investigation of a double-inlet fan which gave almost perfect 
agreement between pitot-tube and nozzle-volume measurements 
showed axial flow of the air with no perceptible tangential com- 


ponent. It is thought that this may be a general condition. 

In a single-inlet fan the air enters in a direction transverse to 
the direction of flow in the discharge duct and, under certain 
conditions, this component of flow may persist into the discharge 
duct and may give rise to a whirling flow. With a double-inlet 
flow the two opposed entering air streams will presumably neu- 
tralize one another in so far as the transverse component is con- 
cerned. If this is the case, the discrepancy between pitot-tube 
and nozzle volume measurements (resulting from whirl) should 
exist only in single-inlet fans. Table 1 of Hagen’s paper? lists 14 
fans, of which five are double-inlet. Four of the double-inlet 
fans show no volume discrepancies and one only shows a compara- 
tively small discrepancy. Of the nine single-inlet fans, seven 
show discrepancies, in most cases of considerable magnitude 
(from 8 to 18 per cent). 

The Hagen data are supported by the more limited tests by the 
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author which have shown appreciable volume discrepancy only in 
the case of single-inlet fans. ‘The number of published fan tests 
in which both methods of volume measurement have been used is 
too small to permit of final conclusion but the presumption ap- 
pears to be considerable that whirling flow is frequent with single- 
inlet fans. 

There is still further evidence of whirling flow from single-inlet 
fans in the experience of manufacturers who have developed and 
tested a single-inlet fan and have later converted it into a double- 
inlet fan, in effect, by placing two single-inlet fans back to back. 
With pitot-tube volume measurements the single-inlet fan under 
these conditions shows larger volumes (per inlet) and conse- 
quently higher efficiencies than the double-inlet fan. With 
nozzle volume measurements the reverse is the case. The B. F. 
Sturtevant Company have supplied the author with the perform- 
ance curves of a fan which was converted from single-inlet to 
double-inlet in the manner indicated. The pitot-tube volumes 
for the single-inlet fan under rated conditions are about 4 per 
cent greater (per inlet) than for the double-inlet fan. The volume 
measured by a nozzle for the double-inlet fan agrees with the 
pitot-tube volume but for the single-inlet fan the volume (per 
inlet) is slightly lower than for the double-inletfan, 


If pitot-tube volume measurements are to be made in fan-dis- 
charge ducts, it is desirable to take any tangential component out 
of the air flow before such measurements are made. The pro- 
cedures described above would apparently yield accurate values 
of the volume but they are better adapted to a research than to a 
testing laboratory. It is possible to make the air flow axially 
by the use of straighteners. For this purpose, a simple egg crate 
has proved entirely adequate. In the author’s laboratory such 
egg crates have been made of !/,-in. plywood with cells either 
2 in. or 3 in. square and 9 in. long. Each partition was rounded 
(by a sanding machine) on the upstream side and tapered to a 
fine edge (by a circular saw) on the downstream side, so as to 
approximate to a streamline section. This procedure is prob- 
ably of no appreciable value when the straightener is functioning 
as such, since, in this case, the air approaches at an angle and 
eddy formation results. The only value of this refinement is 
when the egg crate is used in air which is already flowing axially— 
in this case, it should reduce the pressure drop through the egg 
erate. An egg crate which is made of sheet metal serves equally 
well. 

It has been found that pitot-tube observations made down- 
stream from the egg crate should be at least 3 ft away from it. 
Closer than this there may be irregularities resulting from minor 
eddies set up by the partitions. 

The use of straighteners of the type described has been found to 
be completely effective. Even in the case of the General Electric 
propeller fan described earlier, with a volume of discrepancy of 
13.7 per cent, the air flow is completely straightened on flowing 
through an egg crate with cells 2 in. square and 9 in. long. 

In the 34.5-in. single-inlet Sturtevant fan with a discrepancy of 
9 per cent, the discrepancy disappears entirely when the pitot- 
tube traverse is taken on the downstream side of an egg crate with 
cells 3 in. square and 9 in. long. 

On the other hand, in a discharge duct with no volume dis- 
crepancy, the pitot-tube volume measurements before and after 
an egg-crate straightener are in close agreement. 

It would appear from the above that the simplest way out of 
the fan-testing difficulties which result from the observed occa- 
sional volume discrepancies is the use of straighteners. These are 
very inexpensive and easily and quickly fabricated and are much 
preferable, in these respects, to the alternatives of nozzles and 
orifices. The only objection would seem to be in the pressure 
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drop which will not permit testing in a wide open condition, but, 
even here, the pressure drop will be very considerably less than 
with a nozzle or orifice. 

ConpiTions REQuIRING STRAIGHTENERS 
It is easy to determine whether the air flowing in a duct has 
rotation, by the use of the transverse tube devised by the author. 
If such a tube is not available a standard pitot tube located mid- 
way between the center and the wall of the duct and facing up- 
stream should be rotated slowly and the maximum velocity-head 
reading noted. Velocity heads should then be read for inclina- 
tions of the pitot tube of 30 deg on each side of the position paral- 
lel to the axis of the duct. If the flow is axial, these two readings 
will be substantially the same. If there is rotational motion of 
the air, the readings will differ by an amount which is a function 
of the inclination of the air flow to the axial direction. With the 
A.S.H.&V.E. pitot tube, the difference, expressed as a percent- 
age of the maximum velocity-head reading, is given in the follow- 

ing table: 


Velocity head difference, per cent........... 15 32 50 


20 25 
72 90 
These values are readily obtained from Fig. 2. 

An examination of Fig. 8 indicates that the error resulting from 
an angle of swirl up to 10 deg is negligible. It is suggested that, 
when using the standard pitot tube, the use of a straightener is 
not necessary unless, in the test just described, the velocity-head 
difference exceeds 30 per cent of the maximum velocity head. 


LeNneTH OF DiscHARGE Duct 


The A.S.H.&V.E. Test Code specifies a discharge duct whose 
length is 10 times its diameter. The author has made volume 
determinations by pitot-tube traverses at various locations in a 
discharge duct of that length. 

For a double-inlet fan, having no appreciable rotation of the air 
stream and with a diffuser integral with the fan housing and a 
transformation piece, each about one diameter in length, the fol- 
lowing results were obtained; the locations are expressed in 
diameters from the transformation piece. 


2.5 5 8.1 9 
Volume, cfm at 750 rpm........... 34450 34580 34530 34330 
Volume, cfm at 500 rpm........... 23200 23250 23200 23000 


It is evident that these results are identical—closer than can be 
obtained except with very accurate work. For such a case a 
pitot-tube traverse at 2.5 diam is as satisfactory as one at 9 diam. 


FLOW IN FAN-DISCHARGE DUCTS 


location at 2.5 diam from the transformation piece. The author’s 
tests made on the single-inlet fan just discussed show perfect 
agreement between volume measurements behind a straightener 
located (1) at one diameter from the transformation piece and (2) 
at eight diameters from the transformation piece. 

If the capacity of the fan is varied by attaching orifices at the 
duct exit, the question arises as to what length of duct is necessary 
past the pitot-tube location. The author has investigated this 
question in the following manner. With a double-inlet fan, 
having no rotation of air, the volume of air flowing was kept con- 
stant, by varying the rpm, under three conditions of operation: 
(1) with wide open discharge, (2) with discharge through a 
smaller circular orifice, and (3) with discharge through an annular 
opening. These conditions are shown in Fig. 16. Pitot-tube 
traverses were taken 2.5 diam upstream from these orifices. 
The velocity-head distribution was found to be identical for all 
three cases. It is concluded that, with 2.5 diam of duct past the 
pitot-tube station, there is no disturbance of the pitot-tube 
readings resulting from the presence of obstructions at the end of 
the discharge duct. 

It is tentatively suggested that the total length of the discharge 
duct may be reduced to 5 diam when the whirl is taken out of the 
air. 

Shortening the duct will have the beneficial effect of reducing or 
eliminating the friction correction which is specified in the 
A.S.H.&V.E. Fan Test Code. The specified correction appears 
to be too great and should be reconsidered in any case. If, 
however, a straightener is used and the static pressure is measured 
at not more than 1 diam down the duct, the duct friction in that 
length will be so small as to be entirely negligible. 


Stratic-PRESSURE MEASUREMENT 


The readings of static pressure by a pitot tube are affected by 
inclination of the tube to the air stream. The magnitude of this 
effect can be seen in Figs. 2, 3,4,6,and7. In these figures, static- 
pressure change is shown in terms of velocity head. For ex- 
ample, if the static pressure is shown as 0.9, the indicated static 
pressure will be less than the actual static pressure by one-tenth 
of the velocity head. 

For convenience, this information is summarized in Table 1, 
which gives the error in the static-pressure reading as a percentege 
of the velocity head. A minus sign indicates that the reading is 
low. 


TABLE 1 ERROR IN STATIC PRESSURE AS PERCENTAGE OF 


VELOCITY HEAD 
Inclination of tube, deg.........cccccccsccess 10 20 30 
A.S.H.&V.E. tube om 


Tube with holes at sides, top, and bottom....... —3 —8 —16 
Tube with holes at top and bottom: 


It will be seen that the A.S.H.&V.E. tube gives remarkably 
constant values of static pressure and that its error is not likely 
to be greater than one per cent of the velocity head. The readings 


( 


_ are quite sensitive to workmanship in making the pitot tube. 
The static orifices must be of the same number on both sides of 


Fie. 16 Dissonance Ontricns _ the tube and must be very accurately of the same diameter. 


3) 


(1) 


For a single-inlet fan, having considerable rotation of air 
stream, without diffuser, but with a transformation piece, similar 
observations yielded the following results: 


If a straightener is used and located 1 diam from the trans- 
formation piece, a pitot tube located 3 ft past the straightener will 
give accurate results. For a 3-ft duct, this will fix the pitot-tube 


The actual static-pressure reading is equal to the true static 
pressure plus or minus a fraction of the velocity head. At wide- 
open operation, where static pressure is low and velocity head is 
high, the error of the static reading due to tube inclination may be 
a large fraction of the true static pressure, but the static efficiency 
for this condition is usually of little importance. Under normal 
operating conditions for most fans, the static pressure is greater 
than velocity head and the error becomes of less importance. 
For example, with a fan operating at a 2-in. static pressure and a 
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increasing the static reading by 2 per cent of this velocity head, 
would change the static reading from 2 to 2.02 in. or by one per 
cent. 

It is therefore suggested that in a rotating air stream the static 
pressure can be obtained with sufficient accuracy for fan-testing 
purposes, by the use of the A.S.H.&V.E. pitot tube. 


A.S.H.&V.E. AND PRANDTL TUBE 


A comparison of Figs. 2 and 7 indicates the relative advantages 
of these two tubes. The Prandtl tube has a flatter characteristic 
for velocity head and consequently will give more nearly accurate 

- volumes with rotating flow. If straighteners are used, there is 
no choice between them in this respect. 

In regard to static-pressure measurements, the A.S.H.&V.E. 

tube is much superior to the Prandtl tube. This superiority de- 

7 pends on the condition of the tube. If any of the holes become 

clogged, the tube characteristic changes radically. The Prandtl 

: tube is comparatively free from liability to clogging of the static 


slot. 


Where rotating flow exists, there arises the need of a definition 
of velocity head for use in computing the total pressure and total 
efficiency of a fan. The velocity head may mean either (1) the 
actual velocity head along the actual path of flow (average for the 
whole cross-section) or (2) the velocity head corresponding to the 
> mean axial velocity. This is a matter for arbitrary decision. 


VELocity HEAD AND ToTAL PRESSURE 


bet 
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From a practical standpoint it would seem that the mean axial 
velocity should be chosen. 

The total pressure then becomes the sum of the static pressure 
(measured before the straightener) and the velocity head ob- 
tained from measurements past the straightener. No correction 
for duct friction is necessary. 


CoNCLUSION 


The preceding discussion leads to the following suggestions in 
the testing of fans discharging into ducts: 


(1) Modification of the standard pitot-tube locations. 

(2) A preliminary investigation of the character of the air flow 
in the duct by means of a transverse tube or a pitot tube, and the 
use of an egg-crate straightener in case the air is found to be ro- 
tating more than a stated amount, or preferably. 

(3) The prescribed use of a straightener in all cases. 

(4) A more precise specification for the standard pitot tube. 

(5) The shortening of the discharge duct and the pate ae elimi- 
nation of the duct friction correction. SO 


(6) A new definition of velocity head. 
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The development of the regenerative cycle, the operation 
of boilers at higher and higher outputs, and the adoption 
of higher pressures and the single-pass boiler, have reduced 
the heat-reclaiming possibilities of the economizer and 
have resulted in the installation of air heaters for most 
high-efficiency steam-generating units. 

Highly preheated air has increased the maintenance of 
underfeed stokers beyond reasonable figures. 

The purpose of this paper is to determine to just what 
extent stoker maintenance is a function of air tempera- 
ture. 

Maintenance data have been supplied by 33 operating 
companies operating 122 underfeed stokers supplied with 
hot air. The data cover stokers operating with average 
air temperatures varying from 120 to 460 F and maximum 
air temperature as high as 600 F and representing 475 
stoker-years of operation. 

Maintenance has been plotted against average air tem- 
perature and a fairly satisfactory relation found. In order 
to remove the influence of other variables affecting main- 
tenance, stoker maintenance has been plotted against 
other operating and design factors, and each corrected for 
temperature. 

From this data it was found that the variables, other 
than average air temperature, which most seriously affect 
maintenance are: 


HE development of the regenerative cycle for heating the 
boiler feedwater in steam-electric generating stations has 
resulted in our returning the feedwater to the boiler room 
at a much higher temperature than was the practise twenty years 
ago. This higher feedwater temperature has materially reduced 
the heat-reclaiming possibilities of economizers. 
During this same period, the operation of boilers at higher and 
higher outputs, per foot of width, has materially increased the 


1 Superintendent of generating department, The Edison Electric 
Illuminating Co. of Boston. Mem. A.S.M.E. Mr. Dillon was 
graduated from Massachusetts Institute of Technology in 1910. 
After six months with the North Packing & Provision Co., he became 
associated with The Edison Electric Illuminating Co. of Boston, and 
has held successively the positions of head of steam and chemical 
division of the standardizing and testing department; technical engi- 
neer, and assistant superintendent. He has served on many com- 
mittees of the A.S.M.E., N.E.L.A., and the Edison Electric Insti- 
tute, and has contributed papers to various engineering societies and 
to the technical press. 

? Assistant to superintendent, station engineering department, 
The Edison Electric Illuminating Co. of Boston. Mem. A.S.M.E. 
Mr. Engle was graduated from the University of Michigan in 1918 
and has been associated with the Consolidated Gas, Electric Light & 
Power Co., of Baltimore, Md., and McClellan & Junkersfeld, Inc., 
Consulting Engineers, New York. He has served on various com- 
mittees of the A.S.M.E. and N.D.H.A., and has contributed papers 
to various engineering societies and to the technical press. 

Contributed by the Fuels Division and presented at the Annual 
Meeting, New York, N. Y., December 3 to 7, 1934, of Taz AMERICAN 
Society or MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.8.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 11, 1935, for publication in a later issue of 
Transactions. 

Norts: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
of Society. 
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The Economics of Preheated Air for Stokers 
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(1) Area of stoker 

(2) Average coal burned in lb per sq ft per hr 

(3) Percentage of ash in the coal burned. 

The data were corrected for these three variables, and a 
new curve of maintenance vs. average air temperature was 
obtained with some of the influence of these three variables 
removed. 

From this corrected curve the following conclusion can 
be drawn: Up to 300 F, the preheating of the air supplied 
to underfeed stokers does not seem to increase mainte- 
nance above reasonable figures, but above 300 or 350 F, 
there is a sharp increase in maintenance with increase 
in air temperature. 

Information is also given in the paper on the changes 
made and operating methods used by various companies to 
reduce stoker maintenance. 

Data were also obtained on the maintenance costs of 77 
chain-grate stokers supplied with hot air, representing 440 
stoker-years of operation. When plotted, the data did not 
show any consistent relation between maintenance and 
average air temperature. However, a study of the data 
seems to indicate that chain-grate stokers, supplied with 
hot air and burning the types of fuel for which they are 
suited, can match the underfeed stoker in coal-burning 
capacity in lb per sq ft per hr, and apparently operate with 
lower maintenance costs. 


exit gas temperature from the boilers and has made it necessary 
to adopt some other heat-reclaiming device to absorb the low 
head heat in the flue gases leaving the economizer. Otherwise 
the loss in boiler-room efficiency would have, to a large extent, 
offset the higher turbine-room efficiency obtained by the develop- 
ment of the regenerative cycle. 

To aggravate the condition further, the adoption of higher 
steam pressures has increased the cost of boiler-pressure parts to 
a point where it has become economically advisable to adopt the 
single-pass boiler and to operate it at still greater outputs per 
foot of width. 

The combination of the regenerative cycle, higher pressure, 
greater output, and single-pass design has raised boiler exit gas 
temperature far beyond the point where even an abnormally 
large economizer can absorb the heat necessary to give accepta- 
ble boiler-room efficiencies. The development of the steaming 
economizer has helped somewhat but as a result of these condi- 
tions the air heater has become an almost necessary part of an 
economical, modern steam-generating unit. 

Unfortunately the air heaters, economizers, and boilers have 
been proportioned to give the lowest overall cost of the steam- 
generating unit without due consideration being given to the 
effect of highly preheated air on the maintenance cost and avail- 
ability of the fuel-burning equipment. Stoker-fired units have 
been installed, incorporating air heaters which heat the air for 
combustion to as high as 600 F. 

Operating engineers have found that high air temperatures re- 
sult in higher stoker maintenance than is customary for stokers 
supplied with cold air, and furthermore, that which is even more 
important, high air temperatures reduce the availability of the 
stoker-fired, steam-generating unit. 

The designing engineer needs to know to what extent high air 
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many and highly variable, but it is believed 
that a study of the results obtained over long 


| 


periods by stokers operating under widely 
varying conditions will be helpful. 


Data Used. The data used in this study 
were supplied by 33 operating companies and 
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covers the operation of 122 stokers supplied 
with air at average temperatures varying 
from 120 F to 460 F and maximum air tem- 
peratures as high as 600 F. The operating 
period covered by the maintenance figures 


x 


represents approximately 475 stoker years. 
Maintenance Vs. Average Air Temperature. 


As a start, stoker maintenance was plotted 
against the average air temperature, as shown 
in Fig. 1, and the second-degree curve that 
fits the points was found by the method of 


moments. The crosses in the lower left-hand 
corner of Fig. 1 show the stoker-maintenance 


costs of eight stations operating cold-air 
stokers. These points fall very close to an 
extension of the curve drawn for the hot-air 


stokers. 
It is not known that this curve represents 


MAINTENANCE OF STOKER IN 


the actual relation between maintenance and 
air temperature, but no matter what reason- 


CENTS PER TON NOT CORRECTED 


able curve may be drawn through these 
points, the trend will be much the same. 


100 200 300 ACO 500 
AREA OF STOKERS IN SQUARE FEET 


SHOWING INFLUENCE OF THE AREA ON STOKER MAINTENANCE 


Fic. 2 


temperatures will increase maintenance and reduce availability 
if he is to design stations with low overall production costs. The 
operating engineer needs the same data in order that he may 
judge whether he is obtaining as good results as are to be expected 
from the equipment which he is operating. 

Object of Study. The object of this study is to supply this in- 
formation and to determine to just what extent stoker mainte- 
nance is a function of air temperature and other design and operat- 
ing conditions. 

It is realized that the factors affecting stoker maintenance are 


The various points which were farthest 
from the curve, such as point A, were then 
examined. It was found that the three 
stokers represented by this point were burn- 
ing an average of 50 lb of coal per hr per sq ft of stoker area, and 
this was the highest rate for the 122 stokers covered by the 
data. Furthermore, these stokers each had an area of 482 sq ft 
and were among the largest stokers covered by the data. 

Therefore, it was decided to plot the stoker maintenance against 
the other design and operating data, both uncorrected and cor- 
rected for temperature. The curve, C, in Fig. 1 shows the air- 
temperature correction calculated for various air temperatures. 

Maintenance Vs. Area of Stokers. Fig. 2 shows the maintenance 
plotted against the area of the stokers, and curve A, the second- 
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degree curve that fits the uncorrected 
points. Each point was corrected for tem- 
perature in accordance with curve C, Fig. 
1, and curve B, Fig. 2, shows the second- 
degree curve that fits these corrected points. 
Curve C shows the correction for area calcu- 
lated from curve B. It is interesting to note 
how much better curve B fits the corrected 
points than curve A fitted the uncorrected 
points, and furthermore, how much more 
reasonable is curve B. It is quite obvious 
that area alone does not make the big differ- 
ence in maintenance indicated by curve A. 

Maintenance Vs. Average Coal-Burning 
Rate. Inasimilar manner, maintenance was 
plotted against average coal burned, as shown 
by Fig. 3, both uncorrected and corrected 
for temperature, and a correction curve de- 
termined for the coal-burning rate as shown 
by curve C. 

Maintenance Vs. Per Cent Ash in Coal. 
When maintenance was plotted against the 
per cent of ash in the coal burned, as shown 
by Fig. 4, a positive correction was obtained. 
The stations burning high-ash coals showed 
lower maintenance than those burning low- 
ash coals. 

Maintenance Vs. Excess Air. Curve A, 
Fig. 5, shows the uncorrected maintenance 
figures against the excess air measured at the 
sampling point used for setting the combus- 
tion-control equipment of the particular 
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boiler. It is to be noted that all high- 
maintenance stokers reported operate 
with 35 per cent or less excess air. 
But, strange to relate, when the points 
were corrected for temperature, and 
curve B determined for them, the cor- 
rection was too small to be given serious 
consideration. 

Maintenance Vs. Stoker Length. A 
plot of maintenance against stoker 
length, Fig. 6, did not give reasonable 
curves and so was not used in the final 
calculations. 

Maintenance Vs. Volatiles in Coal. 
Fig. 7 shows maintenance against the 
volatiles in the coal burned and seems 
to indicate that with low-volatile coals, 
higher maintenance is to be expected 
than with high-volatile coals. 

Maintenance Vs. Maximum Air Tem- 
perature and Coal-Burning Rate. Figs. 
8 and 9 show maintenance against maxi- 
mum air temperature and maximum 
coal burned, but since in most cases, 
neither of these variables would be ex- 
pected to govern maintenance, these 
data have not been used in the final 
calculations. 

Correction for Area; Coal-Burning 
Rate and Ash in Coal. Looking over 
the data given by these plots, it would 
appear that, outside of air tempera- 
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ture, the variables which most defi- 
nitely affect stoker maintenance 
are: area of the stoker, Fig. 2; aver- 
age coal burned, Fig. 3; and the 
per cent of ash in the coal burned, 
Fig. 4. Therefore, all points have 
been corrected for these three vari- 
ables and curve B, Fig. 10, has 
been drawn for these corrected 
points. Curve A, Fig. 10, is a 
repetition of the original curve of 
uncorrected maintenance against 
average air temperature. 

Final Curve—Maintenance Vs. 
Average Air Temperature. This 
new curve, B, Fig. 10, shows the 
relation between maintenance and 
average air temperature with some 
of the influence of the other three 
important variables removed, and 
should show a more nearly correct 
picture of the effect of air tempera- 
ture alone on stoker maintenance 

This cut-and-try process could 
be continued, and each time the 
curve obtained would be closer t« 
the actual facts. However, sincé 
the corrected curve B, Fig. 10 
does not deviate a great dea 
from the original curve, further 
cut-and-try is not believed to be 


necessary and logical conclusions 
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can be drawn from cor- 30;-— —1— — 
rected curve B, Fig. 10. 

Conciusions zB 

A study of this curve 

indicates the following 5 
interesting facts: Up to 55 
300 F, the preheating of ul 
the air supplied to un- 96 10) | 
derfeed stokers does not 
seem to increase the 2 5 | | | | 
maintenance above rea- $2 
sonable figures. Some Vv | | 


operators are able to 
maintain maintenance 
costs in a_ reasonable 
range up to 350 F, but 
above 300 or 350 F there 
is a sharp increase in 
maintenance with in- 
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crease in air temperature. 
This means that for 
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underfeed-stoker instal- 

lations, the boiler, econo- 
mizer, and air heater 

should beso proportioned 

as to keep the average | 

temperature of the air | | 

300 F, unless abnormally ia 

high stoker maintenance a) 200 aso 500 550 


can be countenanced for 
other advantages pecu- 
liar to the installation. 

Changes and Operating Methods Used to Reduce Maintenance. 
For the benefit of those who have hot-air stokers installed, a 
study of the data obtained has been made to find the changes 
made and operating methods employed by the various companies 
to reduce stoker maintenance. Some of these which follow may 
be applicable to your particular installation: 

(1) Many of the companies have found that the use of the 
so-called “thin tuyére”’ reduces maintenance. These tuyéres 
are a little over one-half as thick as the standard tuyére and have 
air openings and cooling ribs so located as to maintain a lower 
tuyére temperature than is possible with the standard tuyére. 

(2) Many companies have reduced the number of pushers 
originally installed. The pushers removed are replaced with a 
dead plate designed for the particular type of stoker. 

(3) With hot-air stokers every attempt possible should be 
made to seal off the retorts and cause all air to be delivered 
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through the tuyéres. Hot air coming through the retorts causes 
serious burn-outs. 

(4) Carrying the ashes higher in the clinker pit reduces exten- 
sion-grate, clinker-grinder, and wall maintenance and maintains 
a more uniform fuel bed and lower combustible loss in the ashes. 

(5) The use of higher excess air, by carrying a thinner fuel 
bed, quite often results in lower overall cost of generating steam. 

(6) The finding of the correct fuel-bed shape, by the proper 
pusher motion, for each type of coal burned, results in lower 
operating costs, higher capacity, and fewer operating difficulties. 

(7) Careful adjustment of pusher motion across the width of 
the stoker results in more uniform fires and consequent ad- 
vantages. 

(8) For the lower-air-temperature installations, spray lubri- 
cation of the operating mechanisms under the stoker may show 
surprisingly beneficial results. 
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(9) Water sprays turned on periodically under the stoker, or 
water admitted through the nose of certain tuyéres at times, are 
used to crack off the slag which accumulates on the tuyéres of hot- 
air stokers. 

(10) The keeping of a cumulative, graphic record of mainte- 
nance and steam output or coal burned for each stoker over a 
long period of time helps in pinning down the particular stokers 
showing high maintenance. Two stokers, apparently duplicates, 
may show wide variation in maintenance costs. 

(11) Low-alloy cast-iron stoker parts have been tried, but 
so far no one has shown that the higher cost of the alloy parts 
is economically justified. Good, sound castings, however, seem 
to help maintain low maintenance costs. 

Chain-Grate Stokers. Maintenance data were also obtained 
from seven companies operating 77 chain-grate stokers supplied 
with hot air varying in average temperature from 100 to 375 F. 
The data represented 441 stoker years of operation. A plot of 
maintenance against air temperature gave nothing from which 
logical conclusion could be drawn. The same might also have 
been true for underfeed stokers had it not been possible to obtain 
data on stokers operating with average temperatures above 375 F. 

Table 1 gives the limits for the data obtained for both the chain- 
grate and underfeed stokers. 

A study of this table shows the interesting facts that chain- 
grate stokers supplied with hot air and burning the types of fuel 
for which they are suited can match the underfeed stoker in 
coal-burning capacity in lb per sq ft per hour and apparently oper- 
ate with lower maintenance cost. This should be the basis for 
another paper by some one having extensive first-hand experi- 
ence with this type of equipment. 

Practical Aspect. Knowing local conditions, a designing engi- 
neer could use the curves to determine the economics of increas- 
ing air-heater size to obtain higher boiler-room efficiency. 


350 


TABLE 1 


as Chain grate Underfeed 
stokers stokers 
Number of companies 7 33 


Number of stokers 77 122 
Stoker years represented 441 475 
Width 7'9” to 24’0” to 30’0” 
Length 15’0” to 22’9” 10’0” to 2263/4” 
Area in sq ft 155 to 528 75 to 611 
Avg air temperature, F 100 to 375 120 to 460 
Max air temperature, F 100 to 500 100 to 600 
Excess air, per cent 20 to 50 
Max coal burned (lb per sq ft per 
hr) 36.8 to 72 
Avg coal burned, 25.8 to 47 
Moisture in coal, per cent 10 to 21 
Volatile in coal, per cent 1.76 to 33.46 
Ash in coal, per cent 6.00 to 14.70 
Fusion temperature of ash, F 2000 to 2400 
Maintenance in cents per ton of 
coal burned 


4. 3 to 14.33 
2050 to 2900 


3.17 to 29.2 


0.4 to 6.8 


From curve B, Fig. 10, it can be seen that increasing the air 
temperature from 350 to 400 F will result in about 5 cents per ton 
increase in stoker maintenance. Since 50 F rise in air tempera- 
ture represents about one per cent in boiler-room efficiency, for 
$5 per ton coal, the increase in stoker maintenance would ab- 
sorb all of the saving in coal and no savings would be available 
to pay the fixed charges on the cost of the larger air heater. Fur- 
thermore, higher stoker maintenance indicates a lower boiler avail- 
ability, and a larger air heater would be a losing proposition 

If it is desired to compare the maintenance cost of existing hot- 
air stokers with the average, the maintenance costs for the par- 
ticular installation can be plotted on the curves. The corrections 
used are all given by the curves presented. It may be possible 
to apply corrections for local conditions, method of book- 
keeping, etc., and explain any deviation from the curves. 

The authors wish to thank the many operating companies and 
their engineers for their whole-hearted cooperation, without which 
this paper would not have been possible, and it is hoped that the 
results presented in this paper will be of value to them. 
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The Buzzard Point Plant is designed for the ultimate 
installation of six turbines and six boilers. The initial 
installation consists of one 35,000-kw single-cylinder, 18- 
stage turbo generator and two 375,000-lb per hr steam- 
generating units, each with a capacity of 375,000 lb per hr, 
fired with unit pulverizers. 

Particular care was necessary to insure against the 
emission of dust or cinders from the stacks. A careful 
analysis of all factors involved, resulted in the selection of 
pulverized-coal-burning equipment. 

Operating experience to date has shown, that the gases 
from the stacks are practically free of dust. Fifty per 
cent of the ash is caught as slag in the furnace bottom and 
approximately 50 per cent as fly ash in the electrostatic 
precipitators. 

Low-volatile coal from Virginia and West Virginia is 
burned. These coals require a longer burning time than 
most other coals. With a furnace heat release of 37,000 
Btu per cu ft per hr the combustible material in the fly 
ash averages 12 per cent. Individual tests at boiler out- 
puts of over 300,000 lb per hr have shown combustible in 
the fly ash of less than 8 per cent. The combustible in the 
slag is zero. The combustible loss is, therefore, well below 
1 per cent of the coal as fired. 

The major reasons for this low combustible loss and 
ability to burn fuel efficiently at such high heat release 
_ rates are efficient burners and fine grinding. The mills, 
_ which are of the duplex Atrita type, have ground in a single 

- mill 25,000 tons of coal without replacement of wear- 
_ ing parts and appear good for several thousand tons more. 

Detailed performance records are given in the paper. 


HE Buzzard Point Station of the Potomac Electric Power 

Company, Washington, D. C., consists of two pulverized- 

coal-fired steam-generating units and one 35,000-kw turbine. 
The plant started operation in November, 1933. This paper 
will deal primarily with the fuel-burning aspects of operation and 
related subjects. 


1 Mechanical Engineer, Potomac Electric Power Company, 
Washington, D. C. Mem. A.S.M.E. Professional Engineer, New 
York State. Mr. Thielscher was graduated from Lowell Institute, 
mechanical engineering, 1913, and electrical engineering, 1915. From 
1911 until 1915, while obtaining his technical education, he was en- 
gaged in fuel engineering and testing, power-plant and other engineer- 
ing work, with various companies. From 1916 to 1922, he was as- 
sociated with Stone & Webster, Inc., resigning from his position of 
mechanical engineer to take charge of mechanical engineering for 
McClellan & Junkersfeld, Inc., 1922 to 1929. From 1929 to 1933 he 
served as mechanical engineer with Stone & Webster Engineering 
Corporation. 

Contributed by the Fuels Division and presented at the Annual 
Meeting, New York, N. Y., December 3 to 7, 1934, of Taz AMERICAN 
Society or MecHaNiIcaL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 11, 1935, for publication in a later issue of 
Transactions. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
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Experiences at 


With the duplex-type mill, we have in effect four mills 
per boiler except for the drive. With one-half of one mill 
out of service, there is sufficient capacity to operate the 
turbine at full load and with one mill out, 24,000kw canbe _ 
carried. 

There has been some question in regard to the range of © 
operation attainable with a unit mill installation. Opera- 
tion of the plant has shown a practical working range of 
from 35,000-kw nominal load down to 5009-kw nominal 
load with swings of 5000 kw above the former figure and 
2000 kw below the latter figure. The operation at a load of 
5000 kw, however, is not without some difficulty. Burners 
occasionally go out and require very close attention by the © 
operators. Two burners and one-half of one mill are used 
to carry this load. 

The combined average for the six-months’ period, Janu- 
ary to June, inclusive, shows a boiler steaming os cll 
of 84.61 per cent and an overall efficiency of 83.94 per cent. 
The overall efficiency includes coal for banking, starting, 
steaming, and unusual operations. Performance and 
availability records of the boilers are given by months in 
the paper. 

Overall plant performance for the six months, — 
to June, inclusive, was 12,672 Btu per net kilowatthour. 
Details by months are given in the paper. 

The plant is designed so that all major operating equip- | 
ment is confined to two floors with no wall between the | 
boiler and turbine room. This arrangement makes it — 
possible to operate with a watch engineer and three © : 
operators. Slag tapping requires an average of one — 7 
time, four hours every other day. 


DESCRIPTION OF EQUIPMENT 


Coal-Weighing Equipment. Each boiler has its own pee ms 
bunker. Coal to the bunkers is weighed on track scales and/or — 
weightometer. Coal to each mill is weighed by 300-lb auto-— 
matic-dump scales. 

Pulverizing Equipment. Each boiler is equipped with two. 
Atrita pulverizers rated at 22,000 lb per hour maximum capacity — 
each. Each mill delivers to three vertically fired burners. The 
boiler is arranged for the addition of a third mill and three more 
burners. These are to be installed when steam requirements 
increase. 

Steam-Generaling Units. Fig. 1 shows a cross-section of the 
entire plant, including the steam-generating unit. The details 
of this unit are as follows: 


Initial capacity, 375,000 lb of steam per hour 

Design pressure, 752 lb persqin. gage. (72-in. diameter welded 
drums) 

Operating drum pressure, 725 lb per sq in. gage 

Operating header pressure, 670 lb per sq in gage 

Design and operating total steam temperature leaving super- 
heater, 835 F 

Heating-surface distribution, type and amount (projected 
areas) as follows: 


Furnace floor, tubes with cast-iron blocks, 522 sq ft 
885 
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2 Borer Tuses anp Dust ScrEEN 
Furance walls: 
Cast-iron block-covered tubes, 1248 sq ft 
Stud tubes with k-n refractory, 1133 sq ft 
Refractory block-covered tubes, 41 sq ft 


Firing arch, refractory-covered tubes, 113 sq ft 
Dust screen, stud tubes with k-n refractory, 860 sq ft “a ; 
Total water-wall heating surface, 3917 sq ft : 
Boiler No. 1, 5805 sq ft 
Boiler No. 2, 6135 sq ft 

4 


Boiler No. 1 has 3 rows of staggered tubes starting from fur- 
nace, and No. 2 has two rows. Fig. 2 shows arrangement of 
boiler tubes and dust screen for boiler No. 1. In boiler No. 2 the 


Dow! 


third row of tubes from the bottom has tubes on the regular 


spacing. 
Economizer, 11,067 sq ft 


Superheater: 
Air heater (surface in contact with air), 45,994 sq ft 
Heat release Btu per cu ft per hr at 350,000 lb per hr steam output: 


Furnace volume up to boiler tubes, 12,006 cu ft = _ 
Heat release, 36,800 


Slag-Tap Equipment. The furnace is tapped at the center of 
the rear to disintegrating hopper and sluice-removai system. 

Dust-Collection System. Each  steam-generating unit is 
equipped with electrostatic precipitators, three sections wide and 
three sections deep. Pneumatic ash conveyers are used to con- 
vey the fly ash to the storage tank. 

Fuel. Washington is so located that the logical fields to se- 
lect fuel from are West Virginia, Virginia, Maryland, and Penn- 
sylvania. 

The considerations affecting the selection were price per million 
Btu delivered at plant, ash content, fluid temperature of ash, 
grindability, sulphur, moisture, and volatile matter. Of these 
factors, price, ash content, fluid temperature, grindability, and 
sulphur were of prime importance. 

High-ash coals carried a penalty for ash-disposal costs because 
for the present all ash has to be hauled away from the plant by 


Primary section, 3217 sq ft 
Secondary section, 3476 sq ft 


Furnace volume up to dust screen, 8676 cu ft 
Heat release, 51,200 


trucks. No definite premium could be assigned to grindability 
except to give preference to the fields which on laboratory tests 


have shown high-grindability factors. High sulphur was ob- 


 jectionable as it is necessary at certain times because of tie-line 
- connections with hydroelectric systems to operate at loads as 


low as one-seventh of full load. At such loads, corrosion troubles 
in air heaters and other equipment may develop if corrective 
remedies are not employed and such corrosion is directly related 


- to the sulphur content of the coal. Ash fluid temperatures of 
_ 2500 F were considered satisfactory for slag tapping. 


Freight 
on the fuel constitutes 65 per cent of its cost. 

Consideration of these factors resulted in the selection of West 
Virginia coal for the initial operation of the plant. Since start- 
ing operation, coals mainly of the Pocahontas No. 3 and No. 5 
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These coals are all of the low or medium volatile class, running 
from 16 to 25 per cent volatile matter, from 0.5 to 0.65 per cent 
sulphur, 5 to 7 per cent ash, and 14,500 to 14,950 Btu per lb on a 
dry basis. Ash fluid temperatures run 2400 to 2600 
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posed between the two sections. 
heater is parallel with the gas flow. The inlet to the primary sec- 
tion is at the lower header where the steam encounters the hottest 


F on the Pocahontas seam and over 2600 on the 3200 
Sewell seam coal burned. 3000 
BoILER OpERATION—PERFORMANCE ReEsULTS 2800 
The plant was designed on a unit basis of one boiler 2600 
per turbine but two boilers were installed initially 

with the first turbine to assure plant output and to 2400 

permit making improvements in equipment. Two 2200 

boilers were, therefore, desirable and operating ex- eo 

perience has shown the wisdom of this course. a ee 
Table 1, covering an eight-months’ period of opera- g 1800 
tion, shows the service record of the boilers and the = 
1600 
performance results obtained. 5 
Most of the repair hours listed were at times when  & 1400 
the unit could be spared. The 660 hours outage for § 

No. 1 boiler during May allowed for the installation - 
of a modified design of burner, to add superheater 1000 
surface, and to remove a half row of boiler tubes. 

It is believed that where the boiler and turbine unit _ 

- do not constitute a major portion of the total power- 600 

generating facilities of a given system the installa- po 
tion of a steam-generating unit of a size to match 

_the turbine is an economical and justifiable procedure. 200 


Experience indicates that the weakest link in the 0 
- chain is gasket joints, such as used in economizer and 
_ superheater handhole caps. These leaks do not re- 
quire instant shutdown but they do require time to 
fix. It takes nine hours to reduce the pressure 
normally on one of these boilers from operating pressure to at- 
‘mospheric pressure. The normal time required to bring a cold 
_ boiler up to line pressure is four hours. The total time consumed 


_ in making this sort of a repair is entirely out of line with the mag- 


nitude of the job. We believe gasket-type joints for this ser- 
vice should be eliminated and thereby materially improve the 
availability of the unit. 

Fig. 3 shows the gas temperatures at various points in the 
 steam-generating unit and brings out the small part that boiler 
surface plays in the modern steam-generating unit. The heat 
_ absorbed by the respective elements will, of course, vary with the 

state of cleanliness of these elements. 4A 
BOILER PERFORMANCE 
Boiler No. 1 


Average Hours Hours Avail- Steaming? 
output, Hours Hours on on__ ability, efficiency, 
lb steam on on re- per per 
perhr load bank pair serve cent cent 
December, 1933.. 141,000 432 253 48 ll 93.5 84.1 
January, 1934.... 161,200 568 92 84 0 88.8 86.4 
February, 1934... 294,000 582 16 74 0 89.0 82.2 
March, er 215,247 695 13 36 0 95.0 85.5 
April, 1934...... 179,000 124 134 12 450 98.5 85.8 
ay, 1034...... 225,900 79 5 660 0 11.3 84.3 
June, 1934....... 310,000 388 4 144 184 80.0 84.9 
July, 1934....... 231,000 682.5 13.5 48 0 93.5 86.34 
Boiler No. 2 
Average 
output, Hours . Hours Hours Hours Avail- 
7 lb steam on on on on ability, 

— hour load bank repair reserve per cent 
April, 1934...., 168,200 470 98 0 0 1006 
May, 1934...... 69,000 688 33 0 23 100 
June, 1934...... 297,000 296 41 288 95 60 
July, 1934...... 0 0 0 216¢ 528 0 


® Where two boilers are in service during any one month, the figure given 
for steaming efficiency is the combined efficiency of both boilers. - 
Construction completed on No. 2 boiler, April 6. 


— not available for entire month because of alterations in coal 
er. 
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gas. From the outlet of the primary section the steam goes to a 
submerged-type desuperheater. This consists of a shell with 
U-tubes. The shell is connected into the boiler circulation and 
steam to be desuperheated passes through the tubes. A tem- 
perature controller in the outlet from the secondary superheater 
permits a butterfly damper to pass steam through the desuper- 
heating tubes or partially or wholly to bypass these tubes and 
thereby regulate the inlet temperature to the secondary super- 
heater to give the desired final temperature. 

This arrangement permits the use of carbon steel tubes in both 
sections of the superheater, is automatic in its operation, and 
gives a flat total temperature down to 220,000 lb of steam output. 
Guaranteed performance is 835 deg total steam temperature at 
200,000 lb output and above. An increase in the amount of 
superheating surface from 5438 to 6693 sq ft failed to obtain the 
desired results. Subsequently, alternate tubes were removed 
in one boiler from the third row of tubes from the furnace. Gas 
lanes at three places through the secondary superheater where 
full contact was not made with the heating surface were baffled 
with tile. Operating performance after making these changes is 
820 F at 200,000 lb steam output. Further changes are under 
consideration to obtain full superheat. 

It is possible to bring a boiler on the line from cold with con- 
tinuous firing, using one burner at a firing rate of about 3600 lb 
of coal per hour. Before developing this procedure, tempera- 
tures were taken of the superheater tubes with thermocouples to 
determine tube temperatures and safe firing limits to avoid over- 
heating tubes. 

Slag and Dust Conditions in Unit. The steam-generating unit 
has been designed for high heat release as will be noted from the 
data given previously. This means high gas velocities and rela- 
tively short flame travel for a slow-burning coal. The condi- 


Superheat. The superheater consists of two sections, a pri- | 
mary and secondary superheater, with a desuperheater inter- — 
The flow through the super- | 
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tion in various parts of the unit varies widely with the boiler 
steam output and character of the ash. 

At an output of 150,000 to 250,000 lb of steam, the dust screen 
with certain coals becomes covered for about half its length, and 
if allowed to continue at this load more than 24 hours, might 
nearly be closed off. An increase of load to 300,000 lb output 
will rapidly clear it off and at sustained high loads the dust 
screen gives little trouble. At the higher loads, however, there 
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is some tendency to plug up the primary section of the super- 
heater. This is controllable by varying excess air and by use of 
soot blowers. 

The boiler generating tubes have at times a tendency to slag 
over at high sustained loads but at such times hand lancing in 
combination with water-mix soot-blower elements has been effec- 
tive in remedying this condition. These slagging conditions 
vary with the different coals, the tendency being to transfer the 
slagging conditions further along the path of gas travel as the 
ash-fusion temperature increases. As these various peculiarities 
were encountered and methods determined for handling them, 
the ease of operation has improved, the labor of operation de- 
creased, and the efficiency increased. We feel that difficulties 
of this nature are capable of control and are not factors which 
would affect the continuity of service. 

Slag-Tapping Furnace. As previously mentioned, the furnace 
is tapped from one outlet in the center of the back wall. Satis- 
factory tapping at the rate of 3.5 tons per hour is obtained at a 
steam output rate of 350,000 lb per hour, with ash whose fluid 
temperature is approximately 2400 F. It is possible to tap at 
lower rates down to 200,000 lb per hour, but the time of tapping 
and the labor involved in keeping the slag flowing is increased. 
We have tapped slag where the ash fluid temperature has been as 
high as 2900 F but with very unsatisfactory results. We have 
tried various fluxing materials such as powdered limestone, salt, 
salt and zine powder, but the introduction of these materials has 
been of no benefit in increasing the flow rate. 

The effect of room air on the rapidity of flow is very marked 
and rate of tapping has been measurably increased by enclosing 
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the slag spout in a box with movable doors. Another improve- 
ment which has aided this operation is the installation of deflector 
plates in the secondary air supply to the burners to direct the 
flame toward the back of the furnace. We have found that ash 
of approximately the same fluid temperature has different flow 
characteristics and feel that fluid temperature is not a safe index 
to use when considering suitability of ash for slag-tapping opera- 
tion. Actua: tests under operating conditions are the only re- 
liable guides to the suitability of a coal for slag tapping. For 
our furnace, it is not satisfactory to use coal whose ash fluid tem- 
perature is above 2400 F. 

At loads of 250,000 to 325,000 lb of steam, the division of ash 
corrected for combustible in fly ash is 50 per cent caught in the 
furnace bottom and approximately 50 per cent in the precipitator. 

The water-cooled cast-iron furnace bottom has given no trouble 
from slag leaks. Fifty-eight side-wall blocks were replaced in 
No. 1 boiler. These were 6 in. wide and were replaced with 
blocks 3 in. wide. During construction, water got on the blocks 
and may have contributed to a poor bond between block and tube. 
It was felt also that the 6-in. block would not give as tight a bond 
as the 3-in. These blocks which were eroded were located at the 
slag line. There is a general slow erosion at the slag line but it 
appears to have reached a stabilization point. 

Burners. Fig. 4 shows the original and the improved burn- 
ers. The original burners gave trouble primarily with coking in 
the burner throats, which were '/: in. wide. The improved 
burners have a 15/;.-in. opening at the throat and the same cross- 
sectional coal-flow area in three slots that the original ones had in 
five. 

The original tube protectors on which the coal streams im- 
pinged were altered to reduce the area between tubes with marked 
improvement in combustion efficiency. Originally, combustible 
in the fly ash averaged 30 per cent with individual tests showing 
as high as 40 per cent. Burner changes and better firing reduced 
this to an average of 12 per cent. Coal and air temperatures 
leaving the mill are carried at 200 F with practically no coking 
troubles. It was found by thermocouple measurements that idle 
burners attained temperatures of 900 F. Coking ensued rapidly 
if coal were fired through a burner at this temperature. To avoid 
this, cold primary air without coal is blown through an idle burner 
for several minutes before igniting. 

Secondary air temperatures run up to 550 F which was a con- 
tributory cause to the original coking difficulty. The improved 
burners are covered with insulating material on the secondary 
air side. The combination of these changes has produced a very 
satisfactory burner. 

Because of hydroelectric tie-line connections, the Buzzard 
Point Plant is required to operate at loads as low as 5000 kw 
equivalent to 50,000 lb of steam and at full load the steam output 
with warm circulating water is 350,000 lb. The low load is 
carried on two burners with swings in load down to 3000 kw. 
The three slot burners are more stable on this load than the five 
slot burners. 

Ignition. The Buzzard Point Plant is equipped with automa- 
tic gas burners for igniting the coal burners. A gas torch is ig- 
nited by a high-voltage electric spark. The gas torch throws a 
flame of from 6 to 10 ft long into the coal path. It was found 
necessary to enrich the coal and air mixture for lighting off be- 
cause of the low volatile content of the coal. This was accom- 
plished by installing plug valves in two of the three coal-discharge 
pipes from each mill and a choke damper in the third pipe. A 
recirculation connection was taken from the mill discharge back 
to the mill housing. This connection was located at the side of 
the discharge pipe where the mixture is lean, leaving a rich mix- 
ture to go to the burner. Very satisfactory ignition is thus o!)- 
tained in a cold furnace. 
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Insulators on the ignition system are enclosed in pipes supplied 
with a small quantity of room air to prevent overheating with 

resultant cracking and flash-over which occurred prior to this 
change. 

_ The ignition system 1s interlocked with the mills and mill feed- 
ers so that coal cannot be supplied to the furnace unless the gas 
ison. Mirrors and observation ports are used to see that the gas 

and coal are ignited. A photoelectric cell is being experimented 
with as a further means of safety to guide the operators during 

-light-load periods when there is danger of burners going out. 

Pulverizers. The pulverizers are of the duplex Atrita type. 
The two halves of each mill discharge into a common point, from 
which three pipes are taken to the burners. Screen tests of each 

_ burner pipe show a fairly even division of coarse and fine to each 

pipe. Sample analyses taken by traverses on two diameters of 

each pipe with the same length of sampling time in the same po- 
sitions are shown in Table 2. 

Zach section of the mill consists of a stage of swing hammers 

_ followed by a stage of three rows of stationary pegs between which 

two rows of moving pegs revolve. It was found that removal 

of the inner row of stationary pegs improved the fineness of grind 

‘materially without limiting the maximum capacity of the mill. 

Fig. 5 shows the effect of removing the inner row of pegs and the 

performance of this mill over the total tonnage ground without 
replacement of parts. 

_ Our experience to date indicates there is practically no differ- 
ence in so far as power consumption is concerned when pulveriz- 
ing No. 3 Pocahontas, No. 5 Pocahontas, or Sewell seam coal. 
Coal Flow. We purchase mainly '/;-in. slack whose inherent 
‘moisture content averages '/; per cent. Coal of this size, unless 
_very dry, is extremely difficult to handle in bunkers, chutes, and 
feeders. Various expedients such as air jets and high-pressure 
_ steam jets have failed to move this coal in our bunkers when the 
— total moisture content is 3.5 per cent or over. A screw conveyer 
has been installed on one bunker to remove coal from the center 
_ portion, which is provided with an outlet for a third mill, but to 
date no experience has been obtained with this on wet coal. 
When the total moisture content reaches 5 per cent, we have 


TABLE 2 DISTRIBUTION OF COAL IN BURNER PIPES 


> Mill 1A Mill 1c—— 
East Center West East Center West 
A axis through C2: 99.8 99.6 99.3 98.6 99.2 99.0 
, B axis through 50 mesh, %... 99. 99.8 99.8 99.2 99.5 99.0 
A axis through 100 mesh, Be: 96.6 94.0 91.8 89.4 91.8 92.0 
B axis through 100 mesh, %.. 95.0 98.7 96. 95.4 95.9 92.4 
A axis through 200 mesh, %.. 72.0 72.6 72.2 71.2 71.2 74.7 
B axis through 200 mesh, %.. 76.6 81.0 81.4 80.6 74.7 73.6 
Tons coal pulverized per hour 7.05 7.5 
Pulverizer and  exhauster 
power, kwhr perton....... 15.25 14 
_ Coal pulverized............. Pocahontas No. 3 seam 
7 Total pulverized to date of 
10,550 11,360 


The distribution at other loads is approximately the same. 


TABLE 3 


RESPONSE OF FAN SPEEDS TO 


Weir changes occurred instantaneously with change of sending pressure. 
F.D. = forced-draft fan. 
I.D. = induced-draft fan. 
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“hanging-up” in the chutes from the scales to the mill feeders — 
and in the feeders. Air jets in the chutes have been partially — 
effective but bad conditions can only be taken care of by poking 


and hammering. 
Precipitators. 
tive in their action. 
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discharge from the stacks of any coal-burning plant in the coun- 
try. 

Hydraulic Fan Couplings. The forced- and induced-draft fans 
are driven, respectively, by 250 and 450 hp, 900 rpm constant- 
speed squirrel-cage motors through variable-speed hydraulic 
couplings. Early operation disclosed a weakness in the thrust- 
bearing design between the halves of the coupling. This was 
promptly remedied by a new design and has given no trouble 
since. 

Proper operation of a powdered-coal-fired boiler requires an 
extremely rapid and exact correlation of air change between the 
forced- and induced-draft fans. 

The combustion-control system is arranged so that the forced- 
draft fan is controlled from furnace pressure and the induced- 
draft fan from gas flow through the boiler. It was found that 
with a change in boiler load, which calls for a certain position of 
the weir on both the forced- and induced-draft fans, that furnace 
pressure fluctuated considerably, especially at partial loads. 
This is caused by the fact that the coupling does not respond 
rapidly enough to changes in control weir position and shows a 
tendency to hunt for any given position of the weir. 

Auxiliary damper control in the forced- and induced-draft ducts 
eliminated this difficulty. With this arrangement, minor fluctua- 
tions are controlled by the dampers and larger changes by the 


WEIR CHANGES BY AUTOMATIC CONTROL 


7 Hagan Elapsed time, sec Equivalent 

Weir sending press., Fan speed-———~ To start Toend air flow 

_ —-position, in.-—~. —lb per sq in.— Before, After, of speed of speed Steam flow, Load variation, 
Fan From To From To rpm rpm change change lb per hr kw Ib per hr 
F.D 3.8 4.75 28 25 364 394 6 225,000 25,000 35,000 
z F. D. 4.5 4.25 25 28 388 368 6 225,000 25,000 35,000 
¢ F.D. 4.2 4.75 28 24.5 373 405 + 225,000 25,000 35,000 
F.D. 4.75 4.2 24.5 28 405 375 4 225,000 25,000 35,000 
7 LD. 5.6 6.7 27.5 23 422 555 4 225,000 25,000 50,000 
I.D. 6.7 5.4 23 27.5 564 428 4 225,000 25,000 50,000 
ED. 5.4 6.6 27.5 23.5 412 530(?) 3 225,000 25,000 50,000 
LD. 6.6 5.3 23.5 28 560 420 3 225,000 25,000 50,000 
F.D. 6.75 ie 21 17 600 649 = 330,000 35,000 30,000 
F.D. 7.5 6.7 17 21 649 592 5 330,000 35,000 30,000 
L.D. 7.0 8.35 20 16.5 585 690 ~a_? 330,000 35,000 30,000 
L.D. 8.35 7.25 20 16.5 690 595 3 330,000 35,000 30,000 
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The electrostatic precipitators are most effec- 
We venture to boast we have the cleanest — 
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TABLE 4 PLANT PERFORMANCE RECORD 


Plant capacity 
factor, 
per cent 


Condenser 


Btu per back pressure, 


kwhr net 


December, 1933 
January, 1934 
February, 1934 


dampers and speed variation. Table 3 shows the response of 
forced- and induced-draft fans to changes in capacity. 

Automatic Combustion Control. The plant is equipped with 
automatic control of coal feed, foreced- and induced-draft fan 
speeds and forced- and induced-draft damper control. The de- 
tails of operation of this control system will not be covered in 
this paper. The use of complete automatic control has been dis- 
continued because the coal feeders to the mills do not feed uni- 
formly for a given speed and setting. Since the air supply to the 
furnace is balanced against speed of feeders, fluctuations in coal 


a quantity result in similar fluctuations in CO, on complete auto- 


matic control. It has, therefore, been necessary to use hand con- 
trol on the air supply with automatic control of furnace draft and 
feeder speed. This control will operate over a range of from 
35, 000-kw me down to 10, 000-kw load. Results obtained are 
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Overall Station Performance. As the Buzzard Point Plant is 
one of the first higher pressure plants to operate at increased tem- 
perature, a few general remarks and performance figures will be 
of interest. The Btu per kwhr net for the period December to 
July, inclusive, together with plant capacity factors and condenser 
average monthly back pressures, is given in Table 4. 

The plant is simple to operate, requiring four men on each 
watch, including the watch engineer, exclusive of superinten- 
dents, test engineers, coal- and ash-handling force, and mainte- 
nance men. Steam temperature of 835 F has so far shown no 
peculiarities to make us expect any trouble from this source. 
During the initial period of operation combustion conditions, 
superheat, and boiler-exit gas temperatures have not always 
been satisfactory. Notwithstanding, the performance has been 
very creditable, closely approximating the design calculations. 
With expected improvement in superheat, especially at partial 
loads, and reduction in boiler-exit gas temperatures which should 
result from changes under consideration the performance 
should better the design calculations. 

We have tried to give a general picture of the operating ex- 
perience and performance of the steam-generating equipment in 
this plant, with the hope they will be of benefit to others. We 
believe the burning of pulverized coal in this plant has demon- 
strated its economy, reliability, and freedom from dust 


.nuisance. 


— 
March, 1934.......... 12,501 62.8 0.68 
April, 1934. . ewe) 0.82 
May, 125593 1.31 
July, 1934............ 12,870 1.86 
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This paper contains many design and operating data 
furnished by makers of bearings for the trade and for 
machinery of their own manufacture. The poll of such 
manufacturers is by no means comprehensive but it 
includes several of the larger firms. The data are available 
for critical examination and study with relation to ad- 
vanced theoretical analyses of bearing problems. 

Many of the data are tabulated and classified on charts, 
the most useful of which has as its coordinates the pres- 
sure and the velocity. Upon this chart are applied special 
scales showing some of Dr. Albert Kingsbury’s “Optimum 
Conditions for Journal Bearings.”’ 

Examples are given showing how these analytical laws 
can be useful in the solution of simple practical problems 
of bearing design. 

The selection of a lubricant of suitable viscosity is ex- 
plained by means of a chart that may be entered with the 
calculated absolute-viscosity operating 
temperature, yield the required commercial 
viscosity in Saybolt or Redwood seconds or Engler number, 
for a mineral oil of any base. 


coefficient at 


and will 


N ORDER to determine present practise in the design of 
Jrane and to compare it with conditions that appear to be 

desirable from theoretical considerations, a poll was made of 
a number of manufacturers and users, many of whom responded 
generously. The results of this poll are to be found in Tables 1 
to 4, inclusive, and important comments or suggestions that 
were offered in each case are given. After this tabulation a 
general discussion of much of the data is undertaken by means of 
suitable charts. 


1 Vice-President and General Manager, Kingsbury Machine Works, 
Philadelphia, Pa. Mem. A.S.M.E. H. A. Stevens Howarth was 
graduated from Yale University in 1899 with honors in mechanical 
engineering. Several years of practical experience with steel mills 
and manufacturing were followed by teaching of mechanical engineer- 
ing subjects at Lehigh University and Carnegie Institute of Tech- 
nology. In 1914 Mr. Howarth became associated with Albert Kings- 
bury, in his thrust-bearing business, and in 1917 became general 
manager and chief engineer. He continued in the same position and 
business with Kingsbury Machine Works, formed by Dr. Kingsbury 
in 1921 and incorporated in 1925. In 1928 he became vice-president 
and general manager. He has published numerous analytical articles 
on practical shop and design subjects. His published work on bear- 
ings includes, ‘Slow-Speed and Other Tests of Kingsbury Thrust 
Bearings,” ‘‘Friction Tests of Propeller Thrust Bearings,”’ ‘‘A Graphi- 
cal Study of Journal Lubrication,”’ ‘‘Characteristics of Full and 
Partial Journal Bearings,” ‘‘A Graphical Analysis of Journal-Bearing 
Lubrication,” ‘Journal Running Positions,” and ‘The Influence of 
Shaft Deflection Upon Bearing Design.”” The present paper is the 
first of a group planned to simplify for designers the various analytical 
studies of bearings published by Dr. Albert Kingsbury, and other 
members of his organization, including the author. 

Contributed by the Machine Shop Practice Division and _ pre- 
sented at the Annual Meeting, New York, N. Y., December 3 to 7, 
1934, of Tue AmMeRICAN Society oF MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 11, 1935, for publication in a later issue of 
Transactions. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 
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The requests for data were worded approximately as quoted > 
below. The headings on the form sheets are those used in the _ 
tabulation of the data received. ] 

“The writer is making studies of current practise in bearing 
design and operation, for publication. The average engineer 
will be greatly interested to learn the practises of important 
industrial concerns. Therefore data is sought on your bearing 
practise along lines suggested by the headings on the attached 
sheet. It will be appreciated if you will also answer the following: 

(a) What scientific investigation do you rely upon in connec- 
tion with the practical experience gained by your company? 

(b) What design rules do you use that would be useful for other 
engineers and that you would be willing to have published? 

(c) What suggestions have you to offer for the improvement of 
published information on bearings? 

Although much has been asked it is believed that the effort _ 
will be amply repaid by the resulting interchange of information.” — 


Resutts From THE QUESTIONNAIRE 


The various contributors have been numbered and their names 
so far as they are willing to be quoted, together with the key 
numbers, are given at the end of the paper. The comments of 
the contributors are quoted in the following sections. The © 
numbers in parentheses are the key numbers. 

(1) Manufacturer of Steam Turbines, Marine, and Industrial 
Machinery. We have standardized on several lines of bearings 
for various applications. This means that the nearest size will | 
be used by designers after they determine the dimensions re- _ 
quired for a particular application. In order to keep our sizes > 
definitely uniform a list of preferred dimensions is used. 

As to clearances, all high-speed bearings have a standard 
clearance ratio of 0.002. The smaller bearings naturally cannot 
follow this rule, due to the necessary machining tolerances. The 
clearance rules are therefore as follows: 

(A) Journal clearance (small bearings): Bearings 5-in. bore 
and under to have a normal clearance of 0.010 in. Mean bearing 
bore = nominal size with a tolerance of +0.001 in. Mean © 
journal diameter = nominal size — 0.010 in., with a tolerance of _ 


+0.001 in. (Ezception: Bearings for overhung rotors have a — a 
normal clearance of 0.008 in. Bearing bore and journal turn — ea 
tolerance = +0.0005 in.) < 


(B) Journal clearance (large bearings): Bearings over 5-in. — 
bore to have a normal clearance of 0.002 in. per inch of nominal 
diameter. Mean bearing bore = nominal size witha tolerance of 
+(0.002 in. Mean journal diameter = nominal size — 0.002 in. | 
per inch of diameter with a tolerance of +0.002 in. 7 

The work of the lubrication division of our research labora- 
tories, together with such publications as are available in the 
literature, have been freely used in determining safe loads on 
bearings. The safe load is naturally determined by the mini- 
mum thickness of the oil film. We have found consistently that 
the results obtained on the basis of calculations such as indi- 
cated in our publications or in your charts coincide quite well 
with experimental solutions. The friction losses in bearings and 
the necessary amount of cooling water in the larger bearings are 
computed on the basis of the work of the laboratory and publica- 
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Journal Bearing 
diam D 
range 


TABLE 1 


vis. 
Unit recom. 
pressure at of brg.? 1.Pres- by: air temp. 
on proj. what Where sure. 1. Air. range 
area temp.? measured? 2. Ring 2. Water Season? 


20/120 ooo Up to 250 
20/120 Up to 250 


How 
oiled: 


Oil 
cooled 


Running 
temp. 


Usua 
water 


Type of 
Usual bearing: Material—— 
temp. 1. Self- Bearing Journal? 
range? align. _ lining Hard- 
Season? 2. Fixed Hardness? ness 

Tin-base 
babbitt 


Running 
clearance 
ratio 


Service ratio Rpm 


750/4500 
750/4500 


140/200 F 
140/200 F 
140/200 F 


Normal axle steel-—~ 


50-100 F 


50-100 F 
50-100 F 
50-100 F 
50-100 F 
50-100 F 
50-100 F 


50-100 F 
50-100 F 
50-100 F 
50-100 F 


Genuine 
babbitt 


-—Turbine generators——~—Gear~——T urbine——~ 
150 SS at 100 F—-—: 22:2: 


130 F to 160 
F max rise in 


temp. 40 F 
——Pressure-——~- Ring ~ 


‘—-Water separ. cooler-—~ ——-Water——— Air— 


300 
7200 down 0. 
7200 down 0.002 D 
750 down 


brg. 
Pinion ctr. 3'/2 to 

brg. 
Gear brg. 


7 to 25 Navy clear. 


Oil Running 
vis. temp. of How Oil 
Running Unit recom. brg.? oiled: cooled 
clearance press. at Where 1. Pres-_ by: 
diff. of on proj. what mea-_ sure. 1. Air. 


Usual 
air 
temp. 
range? 


Usual of ———-~ Material—--—~ 
water bearing: Bearing 
temp. 1. Self- 


Bearing 
L/D range? align. Har 


Line shaft 
steady 
bearings 

Ford. stern- 
tube bearing 

Aft stern-tube 
bearing 

Strut bearings 

H-P. turbine 
bearing 

L-P. turbine 
bearing 


Reduction-gear, 
gear brg. 


Reduction-gear, 
pinion brg. 
H-P. turbine 
bearings 
L-P. turbine 
bearings 
Reduction-gear, 
gear brg. 


———— Merchant 


Reduction-gear, 
pinion brg. 


L. O. cooler inlet L. O. cooler inlet: - - 


~ 
— 115-130 F at—.—115-130F at—; 


-180SSU at 130F—.500SSU at100F: : : : 


——— Naval- 


@ Water base, circ. and spray. 


Our “Standard Books”’ still have some design rules limiting the 
_peripheral speed to 275 ft per sec and the pressure on the pro- 
jected area to 275 lb per sq in. for large power bearings. For 
small bearings, the rules call for 100 and 225 lb per sq in. of pro- 
jected area as the maximum pressure. However, these rules 
really do not mean much since they just register the maximum 
speeds and pressures actually obtained in practise. (See also 
Table 1.) 

{[Nore: Other data were received from this company, dealing 
with various details of bearing design and construction which lie 
outside of the province of the present paper.] 

(2) Shipbuilder. The attached data show (see Table 2) what 
we have done on some of our most recent ships. These installa- 
tions have been selected as representing about what we consider 
the limit of good practise in unit pressures and P X V values. 

We would answer your questions as follows: 


area temp.? sured? 2. Ring 2.Water Season? Season? 2. Fixed ness? 
a 


Ib/in?X 


Journal? ft/min 


metal 


Lignum—White 
vitae 


O-H 
H-C steel 
H-C steel 
Forged steel 
Forged nickel- 


steel 
Tested O-H steel 7 
Forged steel 3¢ 
O-H steel 3: 
3 


—40-85 F, W-S 


forging 


Pressure Pressure——- Sea water Wick 


90-130 F, 
-— White metal-—~— White metal—~ 


Water——.—— Water ——. : : 


—40-85 F, W-S 


(a) We have found no scientific investigations that are of 
much help to us in the design of bearings. 

(b) Unit pressure in lineshaft, stern tube, and strut bearings 
should not be much in excess of 30 lb per sqin. When the P X V 
for lineshafts exceeds 16,000 to 18,000, ring oiling should be 
adopted. We have always found that sea-water lubrication is 
entirely satisfactory for outboard lignum-vitae bearings. 

(c) We think there is a great need for authoritative data on the 
quantity of lubricating oil required for forced-feed journal bear- 
ings. Numerous formulas give the quantity of oil required to 
carry away the heat losses, but there is no information on how 
this quantity is to be maintained. Presumably, oil pressure, 
unit pressure, rubbing speed, clearance, length of bearing, etc., 
all have their effect, but we have seen no formula relating these 
items to the quantity of oil. 

(3) Manufacturer of Marine-Diesel Engines. With regard to 


cove ( 
TABLE 2 
x ~ 
Journal 
diam 
167/s 
22%/i6 ai 20,550 
20,500 
22%/16 24,100 
7 233,500 
{ 8 286,500 
: 9 2,500 
— 8 
J 7 0,000 
7 392,000 
91/2 440,000 
91/2 487,000 
j 
Forged sal 205,000 
1,228,000 
962,000 
% 
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TABLE 4 


——Bearings 
-—Journal——. — Horizontal—~ —-Vertical-—~ 
Allowable Allowable Allowable 
variation variation variation variation 
below above above above 
max Min min i min Mi min 
diameter bore bore 


Allowable 


000 
- 500 
- 000 
-500 
- 000 
- 000 
. 000 
- 000 
-000 
.000 
- 000 
. 000 
000 
-000 
5.000 
7.000 
.000 
-000 
- 000 
000 
2.000 
3.000 
.000 
.000 
.000 
.000 
.000 
.000 
.000 
-000 
2.000 
3.000 
-000 
.000 
.000 


the advancement of design, we rely chiefly on papers read before 
technical societies, which often embody the result of experiments 
carried out by engineering colleges. We do not rely on any hard- 
and-fast design rules. 

We believe that some authentic information connecting mean 
and maximum bearing pressures per revolution at maximum 
rubbing speed would be useful. (See also Table 3, marine- 
Diesel engines.) 

(4) Chemical Manufacturer. We are giving you data pertain- 
ing strictly to chemical equipment (see Table 3, chemical equip- 
ment). On other equipment we rely on the practise and design 
proportions supplied by outside manufacturers. Occasionally 
we Call in special consultants. We usually base our studies upon 
the available literature and the special experience of men engaged 
in such work. 

We believe that in connection with a handbook, more specific 
information should be given, such as a comprehensive classifica- 
tion of types of bearings and the essential characteristics for good 
design proportions, differentiation of film and quasi-film condi- 
tions, recommended practise in lubrication in accordance with the 
classification, and a brief survey of the nature of loadings in 
connection with bearing pressures and peripheral speeds; also 
temperature limitations, etc., for good operating performance. 

While papers by Reynolds, Sommerfeld, Harrison, Kingsbury, 
and Howarth have cleared up many of the difficulties with oil- 
film bearings, I think very little information is to be had on 
quasi-film bearings with practically metallic contact and the 
corresponding theory of boundary friction of lubricated surfaces. 


te 


~ 


More knowledge of the latter is of special importance in connec- 
tion with crankpins, etc., where, in many ca§Ses, tolerances re- 
quired for film performance are difficult to attain. 

(5) Machine-Tool Manufacturer. We have confined our 
tabulation (see Table 3, machine tools) to data on larger bearings 
because such information is more frequently available than that 
for smaller bearings. All information given is on important 
bearings where they have proved satisfactory in the field and 
have run for years without difficulty. 

You will note that our unit pressures are very low. The size 
of the shaft or spindle of the machine tool is not determined by 
the bearing alone, as we often desire a large spindle for rigidity in 
order to maintain the accuracy of the machine. 

In answer to your three questions we would say that we use the 
information in the standard handbooks to some extent, and, of 
course, have a wealth of experience from 85 years of machine-tool 
building. In designing a bearing we usually use the following 
formula to be sure that we have sufficient area: 

Area in square inch 

Load in pounds X square root of the velocity in ft per sec 
Constant K 
For vertical shafts K = 500 and for horizontal shafts K 

We do not usually recommend oil viscosity at a particular 
temperature as we aim to make our bearings far enough removed 
from the critical point so that any good grade of machine oil will 
satisfactorily lubricate. We never provide any means for cooling 
the oil as our clearances are not close enough, nor are unit pres- 
sures high enough, to cause heating except that which can be 
taken off by radiation. 

(6) Manufacturer of Electrical Machinery. (Note: More 
data were furnished by this company than can be included in the 
present paper. The data were furnished in blueprinted or type- 
written form and part were contained in a letter. Pertinent para- 
graphs and rules are quoted. No tabulation of design data was 
made on the sheets under the headings submitted by the writer. 
See also Table 4.) 

Oil viscosity recommended: Small bearing 150 Saybolt at 100 
F; large bearing 250 Saybolt at 100 F. 

Running temperature of bearing: 90 C limit measured in the 
babbitt. This is only a general figure and subject to variation 
with local conditions. 

Oil cooled: Where conditions of speed and load necessitate 
special means for removal of heat from a bearing the simplest and 
most satisfactory method is to embed water cooling coils in the 
babbitt. 

Usual air-temperature range: Electrical apparatus is usually 
designed for 40 C ambient temperature. 

Unit pressure on projected area: The general trend is toward 
higher unit pressures according to the following scale: 


= $75. 


Motor and generator bearings, general, lb 

Turbine bearings, lb 

Large motors and generators above 8-in. 
journal diameter, lb 

Large spring-supported thrust bearings, lb 

Rigidly supported thrust bearings, lb 


(7) Manufacturer of Centrifugals. We depend a great deal 
upon the practical experience with actual machines in service, 
but supplement this by temperature-rise comparison tests, by 
wear tests, and by tests with unbalanced running parts and tests 
upon machines set at extreme values for tilt or upon machines 
placed on a rocking platform. 

Enclosed is a data sheet (see Table 3, centrifugals) with values 
for typical small- and large-size-bowl spindle bearings for centri- 
fuge, but in considering the data please keep in mind that all 
such bearings are flexibly supported by springs or rubber cushions. 
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(16) Hydraulic Turbines. When we use oil-lubricated bearings 
they are usually of the vertical-shaft type and the load on them is 
only that due to unbalanced forces which are extremely small, 
considering the size of the shaft. We rely largely on practises 
resulting from our past experience. On these large vertical 
bearings we usually make the bearing length equal to the shaft 
diameter, although I am personally confident that a much 
shorter bearing would be entirely adequate. It is our practise 
in general to allow 0.0005 in. clearance per inch of diameter for 
these bearings when they range from 20 to 30 in. in diameter. 
On all these bearings we use a circulating system in the form of a 
gear pump, motor driven or belt driven from the shaft. 

I do not recall seeing in any handbook adequate information on 
the amount of circulating oil required, and it seems to me that 
such information would be of real value. 

(17) Manufacturer of Dredging Machinery. We rely generally 
on data in recent engineering papers and also that contained in 
such books as Halsey’s, Marks’s, and Kent’s. It is our experience 
that the best designed bearings usually give the best service. 

Our machines are usually subjected to fluctuating loads with 
short periods of high maximum pressures, usually combined with 
low speed. Ordinary grease lubrication usually gives us good 
results. Flood lubrication is too complex for some of our ma- 
chinery and is ruled out because of higher cost. 

Although design rules are used, we deviate from them often in 
order to reduce the possible number of sizes and patterns. 

(18) Manufacturer of Machine Tools and Other Industrial 
Machinery. Our product includes machine tools of all sizes from 
500 Ib to 500 tons; stamping machinery from 2 tons to 400 tons; 
plate-glass machinery; sugar-mill machinery; Diesel engines up 
to 7000 hp. We are therefore confronted with bearing problems 
of all kinds, influenced by speed, pressure, and temperature. 
About 80 per cent of our bearings are taken care of by the con- 
ventional plain journal bearing having a length of from one and 
one-half to two times the diameter, with conventional grooving 
and lubrication. Experience has taught us that the alignment of 
bearings is first in importance, particularly for a shaft with more 
than two bearings. Size and clearance are second in importance. 
For bored holes up to 6 in. diameter we ream them 0.0005 in. 
larger. Above 6 in. the standard is 0.00075 in. larger. An arbor 
is used to check alignment and size. The running clearance is 
made 0.001 in. per inch of diameter up to 4 in. Above 4 in. the 
clearance ratio is cut down as the service dictates. 

For speed we use babbitt, annealed brass, and anti-friction 
bearings. For low speed and high pressure we use a harder 
bushing, which might be of any form of bearing metal or bronze, 
up to cast iron. When using a harder bearing, it usually follows 
that a harder journal is required, the latter sometimes being 
harder than 0.30 to 0.40 carbon steel. In such cases we use 
nickel or chrome, or a combination. We consider structure of 
more importance than specific hardness. 

Our oil grooving is variable but so designed as to lead the oil to 
the pressure side of the bearing. A generous amount of lubrica- 
tion is provided by ring oiling, sight-feed pumps, or a continuous 
system. 

Plate-glass and sugar-mill machinery is generally oil lubricated. 

We use grease lubrication on stamping machinery, in which it 
would appear that all theories of bearing design are exploded. 
Stamping machinery sells for a low price per pound and must be 
constructed with a low labor cost. In such machinery most of 
the bearings are large and have caps and relatively little labor is 
spent in finishing them. These bearings are, however, subjected 
to the severest kind of service, when compared with machine 
tools or engines. However, service has proved that bearings of 
standard stamping machinery often stand up a lot better than 
the more carefully built bearings of machine tools or Diesel 
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engines. These stamping machine bearings are grease lubricated. 

(19) Automotive Manufacturer. We make a great many tests 
on bearings but find that such factors as speed, relative amount 
of dirt in the oil, etc., make it very difficult to give blanket rules | 
for bearings without considering the exact installation. Oncars _ 
made by some of our divisions, we use splash-feed connecting-rod 
bearings and these bearings have very large grooves. On bear- — 
ings made by other divisions we use pressure-feed connecting 
rods, and the bearings, in general, have no grooves, although cer- 
tain divisions use grooves in pressure-feed bearings. In cars 
made by some of our divisions we find that the use of oil tempera- 
ture regulators makes it possible to use bearings under load and 
speed conditions that would be impossible if the oil temperature 
regulators were not used. 

We believe that the general theoretical discussion of the bear- 
ings as outlined in Bureau of Standards reports should be con- 
sulted by engineers engaged in bearing design. Some of these 
references are attached. However, bearings are discussed in 
these reports from a more or less theoretical standpoint and 
modifications of the conclusions may be necessary to suit the dif- 
ferent service conditions. 

The Lubrication References furnished by Automotive Manu- 
facturer (19) are as follows: 

(1) Bradford. Bulletin No. 39 of Eng. Experiment Station, 
Penn. State College. 

2) Bradford. Tech. Bulletin No. 14 (2 articles) Penn. State 
College. 

(3) McKee, “Pressure Distribution in Oil Films of Journal 
Bearings,’’ A.S.M.E. Trans., Vol. 54 (1932), paper RP-54-8. 

(4) McKee, “Journal Bearing Friction in the Region of Thin- 
Film Lubrication,” S.A.E. Journal, September, 1932. 

(5) McKee, “Effect of Running In on Journal Bearing Per- © 
formance,’’ Mech. Eng., December, 1927. Discussion in Mech. — 
Eng., July, 1928. 

(6) McKee, ‘Friction of Journal Bearings as Influenced by | 
Clearance and Length,” Mech. Eng., August, 1929. 

(7) McKee, “Effect of Kerosene on Oiliness of Lubricating _ 
Oils,” S.A.E. Journal, Vol. 19 (1926). 

(8) Wilson and Barnard, “Mechanism of Lubrication,” 
S.A.E. Journal, July, 1922. 

(20) Manufacturer of Steel Products. As far as bearing in- 
vestigations made in recent years are concerned, we have used as 
fundamental data various papers prepared by Dr. Kingsbury 
and yourself. Most of this published work has been of a theo- 
retical nature and of great use in the development of rational 
loading practise for thrust and journal bearings of various types. 

There is no satisfactory book or paper that I know of that gives 
in a straightforward fashion a series of rules to guide the designer. 
A paper of such a character would, I am sure, be gratefully re- 
ceived by engineers generally. 

I have in mind subjects such as the following, most of which are 
supposed to be very well known, but which, on the other hand, _ 
deserve a more recent review than is found in most books on de- 
sign: 

(a) Design of bearing shells 

(b) Grooving of bearing shells and thrust shoes 

(c) Turning of bearing shells and thrust shoes 

(d) Design and manufacturing processes for babbitt anchors 

(e) Bearing metals 

(f) Arrangement of lubricating grooves and supply and drain 

lines from thrust and journal bearings cette ait, 

(g) Lubricating oils and greases eae 

(h) Operating temperatures as 


types of bearings 
(j) Bearing adjustments 


Permissible loadings and surface speeds for certain standard 
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(kK) Operating clearances 
(2) Oil retaining rings 


Fie. 1 


PRESSURE-VELOCITY CHART 


Tue Pressure-VELOcITY CHART 


In order that current practise, as just presented, and the data 


There are probably many other items that could be added. in textbooks and handbooks, may be compared with conditions 
A few words on oil retaining rings would certainly be in order, as that appear to be desirable from theoretical considerations, 4 
most commercial equipment is very defective in this respect. 

(21) Railroad. Our practise with reference to cars and loco- Because much of the older practise and some current practise 
motives is to follow American Railway Association standards in is based on reference to the product of pressure and velocity, 
so far as these apply. For service outside of cars and locomo- Fig. 1 was drawn, upon which this relation may be shown to- 
tives and the like we resort to data supplied by Marks, Machin- gether with others that appear more useful from the point of 
ery, or other recognized treatises on bearings. 


special chart was designed. 


_ view of recent analytical studies. The base line of this chart 
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carries a scale for the bearing pressure P in | 
pounds per square inch. In the case of journal 
bearings this pressure is determined by dividing 


& 
the total bearing load R by the projected area of 
the journal which is its diameter times its length, 
DL. The vertical scale of this chart is for the 024|— 


| 
ay ae as 
y = | 


relative velocity V of the bearing surfaces in feet 
per minute. The two scales were laid off on 


> 


| 


double-logarithmic paper so that simple exponen- 
tial relations between P and V will be represented 
by straight lines. 

From upper left to lower right parallel lines are 
drawn, each of which represents the product P X V, 
ranging from 2,500,000 down to 5000. By refer- 
ring to these lines the value of P X V may be esti- 
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mated for any point on the chart. This is of in- 
terest to persons who still use the P X V rule for 
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designing their bearings. coveneo >> SSS SS: 
For the study of the tabulated data, from the ae Sa merTT | 

tions in Journal Bearings,’’? the chart contains he a 

three diagonal-scale panels in the upper right 

corner. These are drawn for 120-deg bearings 20 22 

only. Fie. Max ano Min Diamerrat CLeaRANces Apove 8 In. Diam 


One of these scale panels covers ‘“‘centrally loaded 
clearance bearings” having L/D ratios of 0.8, 1.0, 1.2, and 1.5. 
Crossing the diagonal lines extending from these ratios, are short 
horizontal lines whose positions relative to the L/D lines represent 


a\? 
values of the group . (: as indicated. 
a\n 


Another of these diagonal-scale panels gives the optimum 
characteristics of the “eccentrically loaded clearance bearing.” 
A similar scale panel is given for the “fitted bearing.’ In this 


? A.S.M.E. Trans., 1932, paper RP-54-7-123. 
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case the clearance ratio cannot appear and the symbol group 
2 
used for interpreting data would be 

For all of these diagonal-scale panels the influence of side leak- 
age has been taken into account, in accordance with plate X 
published by Dr. Kingsbury.? 

These diagonal-secale panels, with their L/D values and the 
values of the other symbol groups, furnish ready means for ob- 
taining, for any point on this pressure velocity chart, the relation 
between the oil viscosity, the journal radius, the clearance ratio 
in clearance bearings, and the minimum film thickness, that will 
produce the optimum condition pointed out as desirable by Dr. 
Kingsbury. See example 1 which shows how this may be done. 


CHARTING OF Data 


In order to group the data by headings that would quickly call 
attention to their positions on the chart, heavy lines were drawn 
around them. It will be noted that in many cases these heavy 
outlines are vertical and diagonal from upper left to lower right. 
In other cases the data groups are surrounded by heavy lines that 
are horizontal and vertical. . 

In the case of data on Kingsbury journal bearings and Kings- 
bury thrust bearings it is seen that lines defining them run in 
general from upper right to lower left, and that the meaning of the 
data is further defined by references to viscosities and to revolu- 
tions per minute. These correspond with tables found in Kings- 
bury bulletins E, HV, 8, and G-1. 

The various groups of data are described on the chart. The 
small numbered circles represent points plotted from the data 
obtained from the above tables and from textbooks and hand- 
books. The sub-numbers represent the source of the data, and 
refer to the key numbers. 

Fig. 1, with its pressure and velocity coordinates, is very il- 
luminating and should be of considerable assistance to designers 
in the improvement and standardization of practise. While it 
affords the user of the P X V rule means for choosing a clearance 
ratio and viscosity that will rationalize his design, it also shows 
that the P X V rule by ar has little to recommend it. Careful 


consideration of the - | - 
a\n 


* group with due consideration of Dr. » 
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Kingsbury’s paper,’ will be of considerable value to the designer. 
An extended discussion of these data and the chart might have 
been made, but it would have unduly extended the present paper. 
The reader may therefore continue this study and draw his own 
conclusions. This plan is followed because details of design, 
operating conditions, and methods of lubrication vary consid- 
erably. It is not possible to cover them all in a limited space. 


BEARING CLEARANCES 


A study of bearing clearances obtained from the same sources 
indicates a wide divergence of practise that will be evident 


SCALE FOR MEAN DIAMETRAL CLEARANCE INCH 
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Fic. 4 Mean DiaMetrat CLEARANCES UP To 9 IN. 


Data of the American Standard Association (ASA) are given 
showing the clearance range recommended for “medium fit, 
under 600 rpm” and for “free fit, over 600 rpm.’”’ They are seen 
to vary widely and to cover nearly the whole field of this chart. 

If clearances are to be chosen from these charts they must for 
best results be supplemented by the use of a suitable oil, as ex- 
plained briefly in the discussion of Fig. 1 and in example 1. 

Two other charts, Figs. 4 and 5, are given as interpretative of 
current practise, but the mean values only are marked thereon. 
These are for the user interested in average values who may wish 
to use his own ideas about manufacturing tolerances. These 
two charts contain a number of specific points with key numbers, 
as well as lines representing various published rules. 

As previously explained, this paper does not attempt to justify 
the practise that it has tabulated. It is presented for discussion 
and extension. On the pressure-velocity chart a method of in- 
terpretation and justification of various practises has been sug- 


a \? a \? 
gested by the “optimum lines” for values of - ( ) and = (<) : 
a\n a \ho 


EXAMPLE | 


A steam-turbine journal has a diameter of 9'/; in. and a length 
11'/, in. and runs at 1200 rpm, with a bearing pressure of 110 lb 
persqin. The velocity will therefore be 3000 ft per min and L/D 
= 1.2. 

Find the relation between viscosity and clearance for a central 
bearing. Find the Saybolt viscosity for the bearing if the clear- 
ance ratio is 0.002 and the mean film temperature is 130 F. 

In that field of Fig. 1 marked “steam turbines and reduction 
gears’”’ there is placed a point K, for which the pressure is 110 lb 
per sq in. and the velocity 3000 ft per min. A diagonal line 
from lower left to upper right may be drawn through the point 
K, parallel with the “line of direction” extending from L/D scale 
of the optimum condition data already described. This line 
through point K may be extended to cut all of the L/D lines for 
the three kinds of bearings mentioned, namely, central, eccentric, 
and fitted bearings. As the L/D ratio is 1.2 and the bearing is 
of the centrally loaded series the desired intersection of the line 
through K with the optimum scales will be at L. This point L 


lies in such relation to the - (‘) scale as to indicate that the 
a\n 


from an examination of the clearance charts as 
will be described. In most cases journal-bearing 
clearance data are given with upper and lower 


/ 


limits. 
In Figs. 2 and 3 the total clearance is given 


on the vertical scale in thousandths of an inch. 
The bearing diameters are given at the base in 
inches. In order that the other data may be in- 


terpreted with reference to the clearance ratio, n/a 
reference lines are drawn for these with values 
varying from 0.0005 to 0.004. 


Clearance data are giver for marine bearings, 
horizontal bearings, vertical bearings, step bear- 


ings, Brown & Sharpe over 600 rpm, Brown & 
Sharpe under 600 rpm, ASA, and British stand- 
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ards. The upper and lower limits are shown in 
all cases. The range of Fig. 2 includes a total 
clearance of 0.010 and diameters up to 8 in. 
Fig. 3 extends this range to larger clearances and 
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greater diameters. The sources of data are shown 
by key numbers referring to the list of contribu- 


tors. The dot-and-dash lines marked “0.001 diam 


+ 0.002” shows a rule used by Kingsbury for 
ordinary journal bearings. 
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2 
value of this group will be 0.3. Hence un = 0.34 (2) lb-sec/per 
a 


sq in. (Reyn). 

Having this group value, the question arises as to how it may 
be used with advantage. The clearance ratio and the viscosity 
may both be undecided, but it is seen that they are so related 
that if one be chosen the other should have a particular value in 
order to reach the optimum condition described by Dr. Kings- 
bury. 

Using n/a = 0.002 and solving for the viscosity we obtain » = 
5.7 X 10-* Reyn. This will be the mean viscosity of the oil in 
the film of the bearing at operating temperature. If this tem- 
perature is unknown it must be estimated. In this example it 
_ is assumed to be 130 F. The next problem is to determine a 
_ proper specification for this oil in terms of Saybolt seconds and 
_ temperature. Reference must therefore be made to a special 
-_viscosity-temperature conversion chart, Fig. 6. 

In Fig. 6 there is a Reyn scale at the left and a temperature 
_ scale at the base. Entering the chart thus with the data, » = 
5.7 X 10-* Reyn and temperature equal to 130 F, we locate 
i Q. This point must next be interpreted by means of the 


diagonal scales for Saybolt seconds and fahrenheit degrees. It 
will be found to correspond with an oil having a viscosity of 270 
Saybolt seconds at 116 F. If this specification were placed be- 
fore an oil company the latter could meet it with a pure mineral 
oil of any base, whether paraffin, mixed, or naphthene, and still 


RT FOR MINERAL-OIL SPECIFICATION 


satisfy the requirement of optimum operation of the bearing. 
This interesting fact makes necessary a description of this vis- 
cosity-temperature conversion chart which is given in the appen- 
dix to this paper. 


Discussion 


Upon the pressure-velocity chart, Fig. 1, there have been 
marked the values of the eccentricity that Dr. Kingsbury found 
to be productive of the optimum condition of operation. It is 
obvious that by means of this value, for the centrally loaded 
bearing, the minimum film thickness ho may be determined. For 
example, if c = 0.49, then in example 1, ho = 7(1— c) = 0.0095 | 
X 0.51 = 0.0048. This value fo = 0.0048 follows from the 
choice of clearance ratio and insistence upon optimum running 
conditions. It must be remembered, however, that Dr. Kings- ° 
bury pointed out in his studies that the optimum conditions 
described by him can exist for any minimum film thickness that 
may be selected as safe. Hence, if it is felt that the found ho 
value is too great it may be reduced and optimum conditions vind 
served if the clearance ratio is also reduced. P 

The question arises as to what may be considered a safe value 
for ho. This question would lead to a very extensive study of 
data furnished by various manufacturers, which is beyond the 
scope of this paper. However, the following suggestion may be 
found useful in this connection. 

An examination of the loading tables published by Dr. Kings- 
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bury furnishes a means for determining minimum film thicknesses 
for Kingsbury thrust bearings. It may be assumed that journal 
bearings would operate equally safely, under similar conditions 
as to purity of oil, with similar minimum film thicknesses. Hence 
Table 5 is offered, giving loads and estimated minimum film 
thicknesses for Kingsbury thrust bearings for various sizes and 
speeds. Load correction factors are given for other than tabu- 
lated load values. 


EXAMPLE 2 


If we select the Kingsbury shoe that corresponds with the 
journal bearing of example | in actual dimensions, the minimum 
film thickness will be found to be 0.0016 in. Comparing this 
with the value determined for the problem (0.0048) it is found 
that the thickness for the Kingsbury film is much lower, which 
indicates that our journal bearing might be expected to operate 
successfully under conditions differing considerably from those 
assumed in example 1. A reduction of film thickness leads to a 
reduction of radial clearance and therefore to the use of a lighter 
oil. Hence, if we assume the minimum film thickness to be 0.0016 
the radial clearance will be 0.00314 for optimum condition. The 
clearance ratio will therefore be 0.00066. Substituting these 


a 2 
known values in our equation 4 ( *) and solving for the vis- 
a\n 


cosity we find that » = 0.62 10~*, much less than in our original 
solution of the problem. In the same way as was explained for 
example 1, the Saybolt viscosity to be specified would be found. 
It would be extremely low (beyond range of Fig. 6). 

The nex e relative power loss in the 
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two bearings. Is it better to use a larger clearance with a higher 
viscosity or a lower clearance with a lower viscosity? In order 
to answer this, reference must be made to friction coefficients 
taken from Dr. Kingsbury’s paper.? These are tabulated on 
the pressure-velocity chart. The data show for optimum con- 


ditions the relation \ @) = 5.37. This means only one thing, 


that the coefficient of friction in optimum bearings varies di- 
rectly with the minimum film thickness. Therefore, the thinner 
the film we are willing to use with the proper clearance and oil, 
the lower will be the friction loss in the bearing. 


SYMBOLS 
The following symbols are used in this paper: 


c eccentricity factor, see Kingsbury, ‘Optimum Condi- 
tions in Journal Bearings” 
diameter of journal = 2a, in, 
length of journal (axial), in. “ 
minimum film thickness, see Kingsbury “Optimum — 
Conditions in Journal Bearings,” in. 
nominal pressure on journal, lb per sq in. = total load 
divided by product of journal diameter and length 
total load on journal, lb 
surface speed of journal, ft per min 
radius of journal, in. hes 
radial clearance between journal and bearing, in. — 
absolute viscosity of oil in the bearing film, lb-see per 
sq in. (Reyn) 
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TABLE 5 THRUST-BEARING CAPACITY TABLE FOR FREELY 
PIVOTED SHOES* (CASE 3) 


(Viscosity coefficient = 3.4 X 107* Reyns) 


SURFACE SPEED, FEET PER SECONO, = & 
| 20 | 40 60 | 80 100 120 
CAPACITY, POUNDS PER SQUARE FACE 


1015 1210 1440 1590 1710 1810 
|.00079 | .00092 |.00102 | .001/2 
5750 | 6850 | 7550 | 8150 | 8600 
00:19 |.00132 |.00/45 
14,300 | 17,00€ | 18,750 | 20,200 | 21,400 | 22,400] 23,200 
:0007! |.00092 |.001/9_|.00138 |.00/54 |.00168 |.00/80 | .00192 
19,300 | 23,000 | 27,400 | 32,500 | 36,000 | 38,600 | 40, 900} 42,800 | 44,500 
.00079 |.00/02 |.00/33 |.00/55 |.00172 |.00188 |.0020 |.002I5 
31, 900 | 38,000) 45,200 | 53,500 | 59,500|64,000 | 67,500 | 70,700 | 73,500 
.00086 |.00//2 |.00/45 |.00/68 |.00/86 |.00205 |.0022 |.00235 
48,000 | 57,200| 68,000 | 81,000 | 89,500 | 96, 500 | 102,000 | 106,500 | 111,000 
0" |.00092 |.00/55 |.00/80 |.0020 | .0022 |.00235 | .0025 
8,000 | 81,000 | 36,000 1114, 500 |12@, 500|/36,000 | 144,000 [150,000 1156,000 
.00075 |.00098|.00/27 |.00/63 |.00/90 0023 |.0025 |.00265| 
92,000 | 109,000 | | 30,000 | /55,000 | 17/,000 | /84,000 194,000 | 203,000} 211,000 
00079 |.00103 |.00/33 |.00172 | .0020 | .0022_|.00245|.0026 |.0028 
119,000 |142,000] 168,000 | 201, 000 |222,000| 239.000] 252,000] 264,000] 274,000) 
.00083 |.00108 |.00/38 | .00/80 |.002/ |.0023 |.00255|.0027 |.0029 
152,000 | 181,000 | 2/5,000 |256,000| 2 83,000} 304, 000/32/,000 | 336,000! 350,000 
.00086| .00112 | .00I45 |.00/88 | .0022 |.0024 |.00265 |.0028 | .0030 


| 140 


1890 
00119 


1960 
-00126 
9000 | 9350 
| .00163 


FOR AVERAGE PROPORTIONS OF THRUST BEARINGS, d*3b, 

FoR ANY RATIO OF b 70d, 1F l= b THE BEARING AREA 
WILL TOTAL 6*l? FOR SIX SHOES, AND THE TOTAL 
CAPACITY WILL BE THAT IN THE TABLE TIMES THE 
NUMBER OF SHOES. 


TO FIND THE FEET PER SECOND FROM THE R.PM, 


Vv, 
FIG.-T. 60° 12 *60 
TABLE IS BASED ON ASSUMPTION THAT L«=b. 
RECTION FOR OTHER PROPORTIONS MULTIPLY THE TABULAR 
“557 LOAD BY THE CORRECTION FACTOR IN TABLE AT LEFT. 
“£000 # TABLE |S BASED ON DATA GIVEN IN BULLETINS ON KINGSBURY 
0.732 BEARINGS PUBLISHED BY KINGSBURY MACHINE WORKS, INC, PHILA, PA 
2.630 THE UPPER VALUE /S THE CAPACITY AND THE LOWER ONE |S 
0.423 THE MINIMUM FILM THICKNESS-he. 
ts = coefficient of friction 
: @ = leading angle for partial bearings measured in direction 


of motion of journal from leading edge of bearing to 
line of action of load 


8B = angular extent of the bearing surface over which perfect 
film lubrication is maintained 

b = width in radial direction of shoe of thrust bearing 

7 = mean circumferential length of shoe of thrust bearing 

4 = mean diameter of shoes of thrust bearing 

= Saybolt universal viscosity, sec. 


Source Data 


The following gives the key numbers used in the paper and on 
the charts: 
(1) Westinghouse Electric & Mfg. Co., Philadelphia, Pa. J. 
- Schmidt, Marine Apparatus Division. 
_ (2) Newport News Shipbuilding and Dry Dock Co., Newport 
_ News, Va. John F. Nichols, Chief Engineer. 
(3) Electric Boat Company, Groton, Conn. 
Engineer. 
(5) Wm. Sellers & Co., Inc., Philadelphia, Pa. 
Sellers, 3rd, Executive Engineer. 
(6) General Electric Co., Schenectady, N. Y. H.W. Samson, 
Engineering General Department. 
(8) U. S. Navy, Spec. S-45-1. 
(10) “Elements of Machine Design,” by Kimball and Barr, 
1923. 
(11) “(Handbook for Machine Designers and Draftsmen,” by 
F. A. Halsey, 1913. 
(12) “Des Ingenieurs Taschenbuch,” “Hiitte,” 26th Edition, 
1931. 
(13) “Machinery’s Handbook,” 8th Edition, 1930. 


(14) “Die Kreiselpumpen,” Pfleiderer, 


E. Nibbs, Chief 


Coleman 


MACHINE-SHOP PRACTICE 


(15) “Bearing-Load Analysis sii Permissible Loads as Af- 
fected by Lubrication in Aircraft Engines, by Prescott and Poole, 
S.A.E. Journal, October, 1931. 

(16) Baldwin-Southwark Corporation, Philadelphia, Pa. R. 
E. B. Sharp, Hydraulic Engineer, I. P. Morris Division. 

(19) General Motors Corp., Detroit, Mich. H. C. Mougey, 
Chief Chemist, Research Laboratories. 

(21) Pennsylvania Railroad, Altoona, Pa. 
Mechanical Engineer. 
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W. F. Kiesel, Jr., 


Appendix 
THE RATIONAL SELECTION OF LUBRICATING OILS 


Fig. 6, to which reference has been made, is based upon a co 
of the viscosities and specific gravities of many mineral oils. The 
gravities were used in the conversion of commercial viscosities into 
the absolute system, and vice versa. An intermediate step in the 
preparation of this chart was the development of Fig. 7. 

The problem of selecting oils suitable for various classes of ma- 
chinery is difficult because of the present habit of depending for their _ 
selection only upon commercial viscosities such as Saybolt, Red- 
wood, and Engler. An extensive study has led the author to the 
conclusion that for pure mineral oils of the various bases now used, 
it should matter little whether oils are classified by commercial 
viscosity, such as measured in Saybelt seconds, or by absolute vis- 
cosity, as measured in Poises or other units. For the solving of y 
bearing problems, however, the absolute viscosity must be known _ 
for use in exact physical formulas. This was seen from the use made © 
of the viscosity coefficient u in the body of this paper. 

Whatever the system of oil classification used, it is essential that 
the oil be described as having a definite viscosity at a temperature 
near that at which the oil will be used. It seems unnecessary and 
it is unwise to continue to describe oils only by viscosities at tem-_ 
peratures such as 100 F and 210 F, because, after all is said, a certain — 
calculable viscosity is the property that it is desired to attain at — 
some definite operating temperature. j 

In line with this observation the accompanying viscosity tem- 
perature conversion chart, Fig. 7, is submitted. The horizontal 
ruling in the body of this chart corresponds with the commercial 
viscosity as indicated by the Saybolt-seconds scale at the right. The 
vertical ruling corresponds with the fahrenheit scale at the base. 
The centigrade scale is shown at the top. At the right are two | 
additional commercial-viscosity scales, Engler and Redwood, which © 
correspond horizontally with the Saybolt scale. At the left are 
two vertical scales, one for the English unit, lb-sec per sq in. (Reyn), 
and the other for the metric unit, dyne-sec per sq cm (Poise). It 
will be noted that these last-mentioned scales are separated by a 
narrow space from the body of the chart and are marked “absolute 
viscosity coefficients.” 

The ruling of this viscosity-temperature conversion chart corre- 
sponds with the Tentative Standards of the American Society for 
Testing Materials. If the viscosity-temperature relation for a given 
oil is plotted on this chart, as, for example, the line through P, C, 
CP, this line should be straight if the plotting is done by Saybolt 
seconds against temperature. Any point on this line will show the 
Saybolt viscosity of the oil for a particular temperature. The line 
drawn through P, C, CP was plotted from data on paraffin-base oils 
and will correspond in slope and position with such an oil. A line 
through the points N, C, CN will similarly represent by slope and 
position a naphthene base oil. Both of these oils will satisfy a 
specification requiring that the Saybolt viscosity shall be 100 sec 
at 120 F. Although these two oils correspond in Saybolt viscosity 
at 120 F they will not correspond in absolute viscosity at the same 
temperature. This will be explained later. 

Thirty definite and different oil groups, paraffin and naphthene, 
are indicated on Fig. 7. Six of these have a commercial viscosity 
of 2500 Saybolt seconds, at different temperatures, 20, 40, 60, 80, 
100, and 120 F, respectively. Seven of them have a Saybolt vis- 
cosity of 750 sec, at 40, 60, 80, 100, 120, 140, and 160 F, respectively. 
Eight of them have a Saybolt viscosity of 250 sec, at 60, 80, 100, 
120, 140, 160, 180, aad 200 F, respectively, and nine of them have 
a Saybolt viscosity of 100 sec, at 80, 100, 120, 140, 160, 180, 200, 
220 and 240, respectively. The circles at the apexes of the full-line 
angles indicate the points mentioned. Of these pairs of full lines, 
the upper line indicates the slope of a naphthene-base oil in the 
region while the lower indicates the slope of a paraffin base oil. 
These full lines, of course, may be extended across the chart to show 
the temperature-viscosity relations for each oil, just as was done 
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will be noted that dotted chains extend from the apexes that 
lie along the 2500-Saybolt line to similar apexes of pairs of dot-and- 
dash lines. For every one of the full-line apexes there is a corre- 
sponding dot-and-dash line apex. The meaning of these inter- 
sections will be clear from a study of point C, representing oils 
having a Saybolt viscosity of 100 sec at 120 F. 

The paraffin-base oil represented by line P-C-CP, and the naph- 
thene-base oil represented by line N-C-CN, will both satisfy a require- 
ment that their Saybolt viscosity be 100 sec at 120 F. These lines 
were drawn with reference to the temperature scale, and the com- 
mercial-viscosity scale at the right. If it is desired to know the 
absolute viscosities corresponding with the Saybolt viscosities of 
these two oils at 120 F, a horizontal line through C should be ex- 
tended across the absolute-viscosity scales at the left. On the 
metric scale the reading will be 0.208 and on the English scale 3.0. 
After multiplying these scale readings by the basic specific gravities 
of the two oils at 120 F, the English-scale values will be 2.47 for 
the paraffin-base oil and 2.80 for the naphthene base, and the Poise- 
scale values will be 0.170 and 0.188, respectively. These values, 
found after multiplying the metric-scale reading by the specific 
gravity, will be in dyne-sec per sq cm (Poise). They will be in 
inch-pound-second (Reyn) for the English scale if the value be 
multiplied also by 10~*. If these corrected absolute viscosity values 
are marked on the 120-F temperature line, they will lie at the points 
AN and AP. It can then be seen clearly that these two oils, which 
are identical in Saybolt viscosity at 120 F, are different as to absolute 
viscosity at the same temperature. 

If all points on the line P-C-CP were similarly replotted, for read- 
ing on the absolute viscosity scales, the line AP-A-P would be 
obtained. Likewise if the commercial-viscosity line for the naph- 
thene base oil, N-C-CN, were similarly replotted, the line AN-A-N, 
would be obtained and would represent that oil referred to the 
absolute-viscosity scales. These two absolute-viscosity lines are 
shown dotted and dashed, to avoid confusion. They will be found 
to intersect at some point A where the absolute viscosities of the 
two oils will be identical at one temperature. Reading the scales 
for this point A shows that both oils will satisfy a specification 
requiring an absolute viscosity of 0.107 Poise, or 1.54 X 10~-* Reyn 
at the temperature of the intersection which is 147 F. 

If 147 F is taken as the starting point, with two oils that are 
identical as to absolute-viscosity coefficient, the question arises as 
to what their commercial viscosities will be at that temperature. 
To answer this a vertical line may be extended through A which 
will intersect the two lines drawn through point C at points CP and 
CN. These points may be read directly on the commercial scales. 

From the foregoing discussion it is evident that any single point 
C on the commercial-viscosity scale may at the same temperature 
be represented by a series of points that read on the absolute-viscosity 
scale, a different point being required to represent each base with a 
different specific gravity. Only two such equivalents have been 
marked, AN for the naphthene and AP for the paraffin base. Hence, 
when two such oils are described as having a definite Saybolt vis- 
cosity at the same temperature they will, at that temperature, have 
different absolute viscosities. It has been shown, however, that at 
some other temperature two different oils will have identical absolute 
viscosities. A group of such different oils will have approximately 
identical absolute viscosities at one temperature. Conversely, if 
the oils of a series are required to have the same absolute viscosity, 
0.107 Poise, for example, at a stated temperature, 147 F, for example, 
they will have a common Saybolt viscosity, epproximately, at some 
other temperature, for example, 100 sec Saybolt at 120 F. 

From the foregoing reasoning the following general rule will be 


ai 


evident. The intersections C and A, and other similar pairs of 
apexes connected by the dotted chains, correspond with each other 
if interpreted in the following manner: Mineral oils whose com- 
mercial-viscosity temperature lines intersect at C will, if replotted 
according to absolute viscosities, have a common intersection at A. 
Hence, if a buyer were to insist that all oils submitted for a given 
purpose should have a viscosity of 100 sec Saybolt at 120 F, that 
condition would be equally well satisfied if the oils were selected so 
as to have a common absolute viscosity of 0.107 Poise, or 1.54 * 107® 
Reyn, at 147 F. Vice versa, if an engineer has by calculation de- 
termined that a given bearing will operate in a desired manner if 
the absolute viscosity be 0.107 Poise, or 1.54 X 107 Reyn, at 
147 F, he may so state in his requisition, and the oil company could 
satisfy his requirement by furnishing a mineral oil which has a 
Saybolt viscosity of 100 sec at 120 F. An important point to be 
remembered here is that it will make no practical difference what 
base of oil is furnished, so long as it satisfies the one specification as 
to viscosity and temperature. 

Although Fig. 7 covers the field of commercial oils quite well and, 
without great difficulty, can be interpolated for oils not lying on the 
intersections assumed, Fig. 6 offers advantages to those who wish 
to determine quickly the Saybolt viscosity of a mineral oil that will! 
satisfy the absolute-viscosity requirements determined by calcu- 
lation. The diagonal lines that are nearly horizontal on Fig. 6, 
and which are marked with a special Saybolt scale, were obtained 
by drawing lines on Fig. 7 through the A points A, A-1, A-2, A-3, 
etc., and A’, A’1, A’s, A’s, etc., and A”, A”1, A”s, etc. and A’”, 
A’), A’’’s, ete. These lines would be marked 100 sec, 250 sec, 750 
sec, and 2500 sec, respectively. The temperature lines, which are 
slightly off the vertical Fig. 6, were obtained from Fig. 7 by con- 
necting the points A, A’1, A”s, A’’’s, and Ai, A’s, A”s, and so on. 
The two inclined vertical lines just mentioned would be marked with 
the temperatures 120 F and 140 F, respectively. Once these lines 
and similar ones are drawn on a chart like Fig. 6, their use in solving 
problems will be quite simple, provided the start is made with 
absolute-viscosity data. This use was described in example 1 in 
the body of this paper. It is also explained in the following para- 
graph. 

It will be assumed, for example, that a bearing requires an oil 
having an absolute viscosity of 4.0 X 10°* Reyn at 140 F. This 
would be the same as requiring an absolute viscosity of 0.275 Poise 
at the same temperature. The English or Reyn scale is on the 
left of Fig. 6 and the metric or Poise scale is at the right of the body 
of the same chart. The point of intersection of the viscosity and 
temperature lines for the suggested problem will be at S. If the 
oil is to be pure mineral and it is necessary to obtain it by a com- 
mercial-viscosity specification, the point S may be on the diagonal 
scales for temperature and Saybolt seconds. This reading would 
show that any mineral oil will be satisfactory if it has a Saybolt 
viscosity of 220 sec at 124 F. This is true, regardless of base. 

The oil companies can readily select an oil to satisfy the Saybolt 
specification, as described, even though the combination of tem- 
perature and viscosity, specified by the buyer, is not the standard 
description used by the oil company. 

Although this discussion has been dealing with exact equivalents, 
it is understood that a reasonable percentage of variation in vis- 
cosity is permissible. Just how wide this may be is a problem worth 
studying, but is beyond the province of this paper. A viscosity 
tolerance of plus or minus five to ten per cent would not be apt to 
lead the user into trouble, especially when he has arrived at the 
desirable viscosity-temperature combination by the rational route 
outlined in this paper. 
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The Inta 


This paper presents the results of laboratory tests which 
were made to determine the characteristics of large thin- 
plate orifices mounted on the intake end of a pipe, when 
low differential pressures of the order of 0.1 to 2.0 in. of 
water were used, and then suggests the use of such orifices 
in fan testing. 

The characteristics presented are the variation of the 
pressure below the orifice plate, the shift of the vena con- 
tracta with size and with differential pressure, and the 
coefficient of discharge. 

Tests were made on five different sizes ranging from 20 
to 100 per cent of pipe area. One of the plates was cut with 
a cold chisel to test the effect of roughness in large sizes. 
The pressure gradient below the plate was measured with 
a micromanometer which gives a direct reading of 0.001 


r HE TEST-CODE method for determining the character- 


istics of exhaust fans, particularly of the propeller type, 
requires a quantity of equipment and consumes consider- 
able time. The authors believe that the thin-plate orifice offers 
the possibility of a simple and accurate way of testing such fans. 
The objects of this paper then are: (1) To present the char- 
acteristics of large thin-plate orifices when mounted on the intake 
end of a pipe, when low differential pressures of the order of 0.1 
in. to 2.0 in. water are used; and (2) to suggest the use of such 
an orifice for fan testing. 


1 The data presented in this paper on the intake orifice are taken 
from Mr. Whitfield’s thesis for the M.S. in M.E. degree which was 
prepared during the spring of 1934 under the direction of Professor 
Ebaugh. 

? Assistant Professor of Mechanical Engineering in the Georgia 
School of Technology. Jun. A.S.M.E. Professor Ebaugh was 
graduated from the Tulane University of Louisiana in 1928 with the 
degree of B.E. in mechanical and electrical engineering. He re- 
ceived the degree of M.E. at Tulane in 1930 and degree of M.S. at 
the Georgia School of Technology in 1932. He became a member of 
the power engineering department of the Texas Company after 
graduation and was assistant power engineer of the Port Neches 
Works at the time he joined the staff of the mechanical engineering 
department of the Georgia School of Technology in the fall of 1929. 
He is a frequent contributor to the technical press on power engineer- 
ing and refrigeration and is the author of a recent textbook on ther- 
modynamics. 

’ Assistant to automotive supervisor, Georgia Power Company, 
Atlanta, Ga. Jun. A.S.M.E. Mr. Whitfield was graduated with 
honor from the Georgia School of Technology in 1932 with the 
degree of B.S. in mechanical engineering, cooperative plan. He 
served there for the next two years as graduate instructor in mechani- 
cal engineering while studying for the degree of M.S. in mechanical 
engineering, which was conferred in 1934. He then became associ- 
ated with the Georgia Power Company in automotive-fleet manage- 
ment work. 

Contributed by the Power Test Code Committee No. 10, Subcom- 
mittee on Fans and presented at the Annual Meeting, New York, 
N. Y., December 3 to 7, 1934, of Tum AMERICAN Soctety or MEcHANI- 
CAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 11, 1935, for publication in a later issue of 
Transactions. 

Note: Statements and opinions advanced in papers are to be 
understood as individual expressions of their authors, and not those 


of the Society. 
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in. of alcohol. The air flow was measured with a cali- © 
brated venturi meter. 

The results obtained indicate that the intake orifice is a 
very satisfactory metering element for differential pres- 
sures as low as 0.05 in. of water. Aithough the location of 
the vena contracta shifts both with orifice size and with 
differential pressure, a single pressure tap located 40 per 
cent of the pipe diameter downstream from the orifice _ 
plate may be used for orifice sizes of from 20 to 80 per cent 
of the pipe area and for differential pressures above 0.1 in. 
of water, with a coefficient of discharge of 0.601. The 
coefficient of the large orifice was not appreciably affected 
by rough edges. 

A bibliography and an appendix on the calibration of 
instruments, and comparison of pitot tubes are appended. 


The characteristics presented are the variation of the pressure 
below the orifice plate, the shift of the vena contracta with size 
and with differential pressure, and the coefficient of discharge. 
A knowledge of these characteristics will permit the intake orifice 
to be used for the measurement of gas in cases other than fan 
testing, such as in heating, ventilation, and air-conditioning 
practise. 

Much research has been directed toward the determination 
of the characteristics of the pipe orifice and the orifice mounted 
on the discharge end of a large chamber. It appears, however, 
that little has been done to determine the characteristics of the 
orifice when used on the intake end of a pipe or in fact on any 
type of orifice when the differential pressure is less than 1 in. of 
water. 

The velocity of approach is negligibly small for the intake 
orifice and the nearest approach to this type is perhaps the meter- 
ing device developed by R. J. Durley (1)* and further investi- 
gated by J. A. Polson (2) in this country, and by Muller (3) 
in Germany. Marsden Ware (4), of the N.A.C.A., and Watson 
and Schofield (5) in England investigated the Durley box type of 
orifice when used as an intake orifice. The first group of in- 
vestigators permitted air to flow from a large reservoir into the 
atmosphere, whereas the latter group reversed the flow. All of 
the orifices used were small and the differential pressures did not 
extend below about 0.5 in. water. 

The pressure distribution for pipe orifices is reported in the 
work of J. M. Spitzglass (6), H. Judd (7), and E. Buckingham (8). 
But again data for the intake pipe orifice seem to be difficult to 
locate. 


APPARATUS AND PROCEDURE 


A plan view of the apparatus is shown in Fig. 1 and photo- 
graphs of the equipment are given in Fig. 2. As may be seen, 
the air entered the intake orifice and flowed through the venturi 
meter to the suction of the fan. 

The manometers were located close to the orifice and to the 
venturi meter. An electrical signaling system was provided be- 
tween these two points to permit the observer at the venturi Cog 
meter to inform the observer at the orifice when the flow was 


‘ Numbers in parentheses refer to similarly numbered references 7 
given at the end of the report. 7 
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LAYOUT FOR INVESTIGATION OF INTAKE ORIFICES 


Fig. 2 Apparatus UsEpD IN TESTS 


correct. The manometers are primary standards of the micro- 
manometer type which read directly to 0.001 in. alcohol and 
which may be estimated to 0.0005 in. alcohol or 0.0004 in. water. 
One of these instruments is shown in Fig. 3. Additional informa- 
tion about them is included in the appendix. 


The duct was constructed of 22-gage galvanized iron with an 
inside diameter of 22.75 in. All joints were soldered air tight 
and all rough projections on the inside were removed. Steel re- 
inforcing hoops were placed on the outside to insure a round 
cross-section. 

The air flow was controlled by (a) a sliding shutter on the fan 
discharge for rough adjustments, (b) a butterfly valve between 
the fan and venturi meter for fine adjustments, and (c) by a by- 
pass valve ahead of the butterfly valve to facilitate adjustment 
at low duct velocities. 

The venturi meter was used to measure the flow for the de- 
termination of the orifice coefficients. A description and the 
calibration of this meter are given in the appendix. 

The orifices used were of the thin-plate, square-edged type 
with round holes concentrically located with respect to the pipe. 
They were made from galvanized sheet iron with an average | 
thickness of 0.064 in. The holes of four of the plates were 
turned on a lathe and any burrs were removed with a fine file. 
The fifth plate was cut from the same sheet with a cold chisel 
in order to test the effect of rough and ragged edges. 

The dimensions of the orifices are given in Table 1. The 
pipe diameter of 22.75 in. is denoted by D and orifice diameters 
by d. 


Orifice 
no. 


5 
Pipe 
Note: The orifice denoted ‘‘pipe’’ refers to the open end of the pipe with 
its flange serving as the orifice. 


The orifices were fastened with 30 bolts to a 3'/.-in. flange | 
soldered to the outside of the end of the pipe. A felt gasket was 
used to prevent leaks. This section of the duct, 36 in. long, was 
made of 16-gage galvanized iron with a reinforcing rim at the 
back to insure a circular section. The inside diameter throughout 
this section was 22.75 in., while at the flange end the inside 
measured 22.78 in. 

Seventeen static-pressure taps were located approximately 
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/ two inches apart downstream from the orifice plate. Each 

2 : hole was offset one inch successively around the circumference so 

that no two holes were in the same stream line. This eliminated 

- the possibility of turbulence formed by one static hole affecting 

the next pressure reading. All static holes were drilled '/s in. 

in diameter and slightly beveled to remove burrs. Gas cocks 

were soldered on the outside of the pipe at each hole so that a 

rubber-hose connection could be shifted from tap to tap while 

- those not in use were turned off. The cocks were ground in with 

~ valve compound, tested for leaks and greased. All rubber hose 
_ used was new heavy tubing, and was tested for leaks. 

‘ The location of the static-pressure taps from the orifice plate 

_at the end of the duct, in inches and in per cent of the pipe diame- 

~ ter is given in Table 2. The measurements are from the down- 


stream side of the plate to the center of the static pressure hole. 
TABLE 2. LOCATION OF STATIC-PRESSURE TAPS 


Approximately seven runs were made on each of the six orifices 
for different rates of flow. The rates were selected with the runs 


Fie. MicROMANOMETER 


_ more closely spaced as the differential became lower in order to 
_ give nearly equal spacing on a velocity basis. 

Readings were taken, starting with the tap nearest the plate, 
_ at each pressure tap, and the pressure below the atmosphere was 
recorded. The flow fluctuated somewhat so that observations 
required several minutes each. The variations in flow were 
kept within narrow limits but there was a characteristic in- 
Stability in pressure in the pressure-recovery section below the 


TESTING EXHAUST FANS 


Tap Distance from Per cent of 
no. orifice, in. pipe diam. 
1 2.13 9.37 
2 4.12 18.1 
3 7 6.16 27. 
4 8.18 36.0 
5 10.22 45.0 
6 12.26 54.0 
7 14.30 63.0 
8 16.33 71.9 
9 18.38 80.8 
10 20.43 90.0 7 
ll 22.50 98.9 
12 24.53 107.0 
13 26.58 117.0 
14 28.61 126.0 
15 30.64 135.0 
16 = 32.67 143.8 
17 34.69 152.6 
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vena contracta. Readings were more stable with decreased 
differential and increased orifice size with the exception of the 
100-per cent orifice. In some cases where readings were un- 
stable, several runs were averaged. 


RESULTS 


In order to place the results on a comparative basis, see Fig. 4a, 
all the readings were converted to a percentage basis as follows: 


A = pressure at any tap, below atmospheric 
Av = pressure at vena contracta, or differential pressure 
6 = difference in pressure at any tap from that at vena 
contracta 
6 
100 — <— cent difference from pressure at vena contracta. 
v 


An 


VenaContracta é 


Max, Recovery 
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Fig. 4a CoRRELATION OF FLow THrRovuGH ORIFICE TO CHANGES IN 
Sratic PRESSURE 
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Typical pressure-variation curves are shown in Fig. 4b. The 
pressure variations for each of the orifices are given in Fig. 5. 
In order to separate the curves of Fig. 5, the zero per cent line 
for each differential curve is shifted up 2 per cent. In the case 
of the 100-per cent orifice the shift is 4 per cent. 

Fig. 5 shows that there is a definite shift of the point of mini- 
mum pressure for different differential pressures and that the 
shift is not the same for each plate. Also this shift is more rapid 
at the lower differentials. 

The location of the one per cent pressure-recovery point is 
plotted in Fig. 6 (this was used because the point of minimum 
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pressure is not sharply defined—which is fortunate) to show ae a 


2 I T T T 
20 PER CENT ORIFICE ao - shift for the several orifices and for the various differential pres- 
gL Sete = | sures. The points may appear to vary a little from the straight 
Omen | Ls 0.882 lines but it must be remembered that these points represent a 
4 °—j—~_ ee | one per cent change in pressures as small as 0.051 in. water or 
9h ae It is desirable to have a guide to assist in the location of the 
1 downstream pressure tap if the intake orifice is to serve as a 
 —— { metering element. Fig. 7 was prepared for this purpose. The 
30 PER CENT ORIFICE er’ ay ' dash lines show the approximate location of the minimum pres- 
— oh KM 70593 1 sure readings. The 2-in. differential line was omitted since it is 
— A bss displaced only slightly to the right of the l-in. line. There is a 
o—~ a p07%e | very definite shift for differentials below 1 in., however. 
ar a es, The approximate maximum and minimum locations for an 
— _4 — X error of from one-half of one per cent in the amount of flow 
1.557 | ° 
— 2.3051 | 2 
> + of 
+ > 02 
c 
0.06 S 
E = 0.05 Ss 
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Oprenincs REPRESENT DIFFERENT PERCENTAGES OF Pipe AREA 
4 160 
Pi (Pipe diameter, 22.75 in. Abscissa for each curve in the sets for 20, 30, 45, 
, - and 65 per cent orifices is translated up 2 per cent. Abscissa for each 
curve of 100 per cent set is translated up 4 per cent.) 
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(one per cent difference in pressure from that at vena contracta) 0.62 
: as compared with the flow when determined with the minimum 0.61 
pressure tap are also shown in Fig. 7. lao ast! + 
The steadiest readings and the most accurate results will be 0.60 = Fey ee 
obtained with the intake pipe orifice when the static-pressure tap og 
is located at the vena contracta as shown by the dash lines, but 0.59 —— 7 
since this location shifts with the differential as well as with the ase 
orifice size, this is impossible for varying flow. However, it can 7 245% °/00% »” 
be seen that the location which is ideal for a 0.1-in. differential = 0.57 ae sa a | | 
js also satisfactory for a 1-in. differential. Thus, if the range 0 0A 0.8 1.6 2.0 24 
of differential pressures expected is from 0.1 in. to 1 in., the tap 
: should be located on the 0.1-in. vena contracta line. Similarly, ‘5 0.62 » 
: if the range is from 1 in. to 2 in., a tap located at the vena con- a - 
 tracta for the I-in. differential would give very good results. 0.64 A 
It is seen that a single tap located 40 per cent of the pipe diameter 0.60 tos 
_ downstream may be used for a wide range of differential pres- B 
_ sures and for all orifices sized up to 80 per cent of the pipe area or 0.59}- C i 
0.9 of the pipe diameter. 7 
Since the amount of the shift of the vena contracta decreases 0.58 
so rapidly with increased differential pressures, it is believed that 0.57 l 
a tap location suitable for a 2-in. differential would also be (0) 20 40 60 80 100 120 
suitable for much greater differentials. This is borne out by the Orifice Area in percent 


Pipe Area 


fact that others have found no appreciable shift in the vena con- Fic. 8 (Asove) InTaKe-OrtFice CoerFIcteNt 
tracta with pipe orifices for the higher differentials. Any error (Betow) Comparison or Larce Orrrice Coerrictents 
made would be small because the pressure change before the (Curve A Spitzglass; 12-in. pipe; tap at vena contracta. Curve B 
‘ Bailey, 15-in. pipe; tap at venacontracta. CurveC Bureau of Standards; 
vena contracta is very gradual. 24-in. pipe; tap, '/s diameter; corrected for approach velocity.) 
TABLE 3 COEFFICIENTS OF INTAKE PIPE ORIFICES CoEFFICIENT OF DISCHARGE 
20 Per Cent Orifice Diam = 10.18 in. 
Venturi meter....... 0.650 19-450 sa 0.250 9. 100 9.060 The coefficients of discharge stated here 
Orifice differential... 2.835 1.967 1.095 0. 444 0.229 are overall hydraulic coefficients based on 
02085 Pressure differentials measured at the vena 
2.838 1.968 1.095 0.446 0.229 
Orifice coef.......... 0.605 0.606 0.608 0.606 0.600 Actual disch a 
30 Per Cent Orifice Diam = 12.50 in. 
: Venturi... .... 1.500 1.000 0.800 0.700 0.500 0.350 0.250 0.16 0.075 0.065 Theoretical discharge 
Dik 54 352 0.9645 0 683 488 0.3 5 1 
Vifferential.... 2.884 1.936 .549 .9645 0.68: -315 0.149 0.130 i ot 
2.886 1.035 1-548 1.359 0-969 0.685 0.492 0.316... 0.1307 where the theoretical discharge is given by 
1.937 1.548 1.358 0.970... ‘491 0.1305 
Average....... 2.885 1.93 5485 3! . 967 .68 i .3155 .14 0.1306 i thi = a Oo i 
Coefficient..... 0.601 0.601 0.602 0.603 0.605 0.603 0.603 0.6035 0.602 0.600 Wale A = are 
45 Per Cent Orifice Diam = 15.25 in. 
Venturi Dadeia 3.000 1 .500 1.000 0.600 0.4000 0.2000 0.100 = H = differential head of fluid 
8 6 6 6 wi 
Differential... 2.605 1.310 0.882 0.530 0.3515 0.1765 0.088 flowing, ft 
2.602 1.307 8 0.530 0.352 0.177 0.089 — 
2.603 1.305 0.880 0.530 0.353 0.1765 0.089 bey the i formula for pres- 
Average....... 2.6025 1.307 0.880 0.530 0.3519 0. 1767 0.0887 one ate 
Coefficient..... 0.600 0.600 0.600 0.601 0.604 0.605 0.605 absolute pressure of the medium flowing. 
65 Per Cent Orifice Diam = 18.33 in. Although it is based on the assumption 
yotent Debaters 4.000 2.400 i .800 3.400 3.100 0.800 0.500 0.300 0.160 that the fluid flowing is not compressible, 
Differential... 1... 1.656 0.997 0.7525 0.586 0.462 0.339 0.2135 0.1288 0.0634 its use for air is justified in that for a differ- 
1.658 0.996 0.7515 0.586 0.462 0.337 0.212 0.1285 0.0635 
1.665 0.996 0.7525 0.586 0.462 0.337 0.213 0.1290 0.0640  &ntial of one per cent of the absolute pres- 
1.655 0.998 EA on pina se nie sure, a difference of only 0.6 per cent will 
Average............. 1.658 0.9974 0.7522 0.586 0.4620 0.3377 0.2128 0.1288 0.0636 be found from the flow given by the more 
Coefficient........... 0.601 0.599 0.600 0.600 0.600 0.600 0.600 0.599 0.604 complete thermodynamic equation. The 
65 Per Cent Orifice Diam = 18.28 in. (Cut with cold chisel) highest orifice diffe : : 
rential used in th 
4.000 2.400 1.800 1.400 1.100 0.800 0.500 0.300 0.150 
Ta DO. eee essences 6 6 6 6 5 5 4 4 4and3 tests was 2.3-in. water which is only about 
ifferential............ 1.677 1.005 0.760 0.595 0.464 0.337 0.215 0.129 0.0635 : 
1.677 1.008 0.757 0.595 0.466 0.338 0.215 0.129 0.0645 96 Per cent of the barometric pressure. : 
... 1.007 0.759 ... 0.466 0.339 0.214 ... 0.0640 Hence the use of the simple formula is : 
1.677 1.0066 0.7587 0.595 0.4653 0.338 0.2147 0.129 0.0640 
Coefficient............. 0.601 0.600 0.600 0.599 0.601 0.603 0.601 0.602 0.606 justified. 
100 Per Cent Orifice Diam = 22.78 in. The actual discharge was measured with 
enturi 7.000 5.000 2.500 1.750 1 .250 0.750 the venturi meter and 
1.207 0.875 0.446 0.302 0.221 0.134 — 
1.205 0.880 0.433 0.303 0.221 0.135 V = CrAs V/ 29H 
1.210 0.870 0.436 0.300 0.223 0.134 * 
0.446 0.222 = where C, = overall coefficient of discharge 
Average... 1.2073 0.8750 0.4393 0:30i7 0.222 0.1345 for venturi meter 
0.604 0.598 0.598 0.605 0.596 0.596 A» = throat area of venturi meter, 
Nore: All pressures in inches alcohol below atmospheric. sq ft 
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H, = differential pressure for venturi meter. 


The same air flows through the orifice and venturi meter and 
_ the density of this air is practically the same at both points. 
Also, the same alcohol is used in both manometers so that the 
orifice coefficient is given by 
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here agree within one per cent of the average of the three other 
curves for pipe orifices at the higher differentials. 

Also, the average coefficient found for the intake pipe orifice 
of 0.601 agrees very well with those found for those of the Durley 
box type. Durley’s coefficients for orifices of from 5/1. in. to 4 in. 
in diameter converge on 0.60 as the differential approaches zero. 
The values found by Polson for diameters of !/2-in. to 2'/2-in. 
orifices group around 0.60 when the head is less than 6 in. water. 
Muller found the average coefficient of this type of orifice to be 
0.597 for sizes from 0.92 in. to 2.47 in. diam, regardless of the 
differential. 

Watson and Schofield found coefficients within one per cent of 
0.596 for all differentials when the flow is reversed through 
the Durley box type of orifice, using openings from '/, in. to 2 in., 
in diameter. Ware found that the pressure differential for re- 
verse flow through the Durley box orifice was the same for the 
same rate of flow, within one per cent, which indicates that the 
coefficient of the intake pipe orifice is essentially the same as 
the foregoing. 


Summary oF Data 

(1) The intake orifice is a very satisfactory metering element 
for differential pressures as low as 0.05 in. water. 

(2) Although the location of the vena contracta shifts both 
with orifice size and with differential pressure, a single pressure 
tap located 40 per cent of the pipe diameter downstream from the 
orifice plate may be used for orifice sizes from 20 to 80 per cent 
of the pipe area and for differential pressures above 0.1 in. water 
and still secure an accuracy within 0.5 per cent. 
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= venturi throat diameter 

orifice diameter 

venturi differential pressure, in. alcohol 
= orifice differential pressure, in. alcohol. 


The observed data and the coefficients are given in Table 3. 

The coefficients are plotted on Fig. 8 against differential pres- 
sure and against the ratio of the orifice area to the pipe area. 
It may be seen that the dash line at the value of 0.601 for the 
coefficient comes within 0.8 per cent of all 46 points, with the ex- 
ception of one, so that there does not appear to be any significant 
change in the coefficient with either differential or size of orifice. 

Coefficients obtained for pipe orifices by Spitzglass, Bailey, 
and Buckingham are shown plotted for comparison. The values 
of Buckingham of the Bureau of Standards included the approach 
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place them on the same basis as the others. The values given 


factor and these were divided by 
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Fig. 11 Proposep ARRANGEMENT FOR TESTING AXIAL- 
Fans 


(3) A coefficient of discharge of 0.601 may be used for orifice 
sizes from 20 to 100 per cent of pipe area and for differential 
pressures as low as 0.051 in. water. 

(4) The coefficient of large orifices is not appreciably affected 
by irregularities or roughness. 

(5) Although these tests were limited to a 22.75-in. pipe 
and orifice sizes above 10.18 in., it is believed that the location 
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of static-pressure taps given in terms of pipe diameter will hold 
for other size pipes since the geometric symmetry of the vena 
contracta for pipe orifices has been well established. 

Similarly, the coefficient should be applicable also to other 
sizes since the value found is essentially that reported by other 
experimenters for sizes as small as !/, in. = 


Proposep Exuaust-Fan Test METHOD 


Now that the characteristics of the intake orifice have been 
presented it is in order to propose the use of these data for fan 
tests. 

The present code arrangement for tests of centrifugal exhaust 
fans is shown in Fig. 9. The arrangement for wall-mounted disk 
and propeller fans is shown in Fig. 10. The amount of the equip- 
ment and the extent of the preparation which must be made are 
evident. 

A proposed simplified arrangement employing the intake orifice 
is shown in Fig. 11. Points on the fan pressure-volume character- 
istics would be obtained with orifice sizes of suitable diameters. 
The rate of flow would be determined with the aid of one ma- 
nometer and the static pressure against which the fan operates 
would be given with the other manometer. It would be de- 
sirable to use a large chamber similar to that shown in Fig. 10, 
in order to reduce the initial velocity when a wall mounting for 
propeller fans is to be simulated. The velocity and total pres- 
sure could be calculated since the flow would be known. The 
horsepower determinations would be made in the usual way. 

It is pertinent to point out that the centrifugal-fan test code 
for blowing permits the use of properly calibrated flow nozzles 
for small ducts. The orifice is much easier to machine and it 
appears that in the large sizes that rough edges do not appreciably 
affect the coefficient. That is, when the pressure tap is properly 
located it should not be necessary to calibrate the orifice plates. 
This last statement is, of course, untrue for small orifices where 
rough edges seriously affect the coefficient of aie ial 

ConcLusIoN 

The data extending the knowledge of the characteristics of 
intake orifices at low differential pressures have been presented 
in the hope that they will prove useful to those interested in 
measuring gases. More particularly, the foregoing proposed 
application to fan practise is presented as one which appears to 


be of increasing importance at this time. -eadane 
wes 


1 ‘On the Measurement of Air Flowing Through Circular Orifices 
Into the Atmosphere,” by R. J. Durley, A.S.M.E. Trans., 1906. 

2 “The Flow of Air Through Circular Orifices in Thin Plates,”’ by 
J. A. Polson, University of Illinois Bulletin No. 240, 1932. 

3 ‘‘Measurement of Air Flow,’ by E. Ower, Chapman & Hall, 
Ltd., 1933. 

4 “Effect of the Reversal of Air Flow Upon the Discharge Co- 
efficient of Durley Orifices,” by Marsden Ware, Technical Notes, 
National Advisory Committee for Aeronautics, No. 40, 1921. 

5 ‘Measurement of Air Flow,’ by E. Ower, Chapman & Hall, 
utd., 1933. 

6 “Orifice Coefficients,” by J. M. Spitzglass, A.S.M.E. Trans., 
1922. 

7 “Experiments on Water Flow Through Pipe Orifices,” by H. 
Judd, A.S.M.E. Trans., 1916. 

8 “Experiments in Metering Large Volumes of Air,’’ by E. Buck- 
ingham, H. S. Bean, and M. E. Benesh, Bureau of Standards Re- 
search Paper No. 335, 1931. 

9 “Fluid Meters, Their Theory and Application,’”’ The American 
Society of Mechanical Engineers, Third Edition, 1931. 

10 “Steam Flow Measurement,” by E. G. Bailey, A.S.M.E 
Trans., 1916. 

11 “Application of the Theory of Free Jets,” by A. Betz and E. 
Petersohn, National Advisory Committee for Aeronautics Technical 
Memorandum No. 667, May, 1931. : 


BIBLIOGRAPHY 


TESTING EXHAUST FANS 


PTC-56-3 


12 ‘‘Modern Methods of Measurement and Instruments for 
Measuring Velocities and Volumes of Air,’’ Blaw-Knox Company, 
Bulletin No. 1442, 1933. 

13 “Discharge Coefficients of Square-Edged Orifices for Measur- 
ing the Flow of Air,”” by H. 8S. Bean, E. Buckingham, and P. 8. 
Murphy, Bureau of Standards Research Paper No. 49, 1929. 

14 Fag emo Mechanical Engineering,” by H. Diederichs 
and W. Andrae, John Wiley and Sons, 1930. 

15 “Flow of Air Through Thin-Plate Orifices,"” by E. O. Hick- 
stein, A.S.M.E. Trans., 1915. 

16 ‘Some Experiments on the Frictionless Orifice, 
and H. Judd, Engineering News, vol. 56, 1906. 

17 ‘Fan Engineering,’ by R. D. Madison and W. 
Buffalo Forge Company, 1933. 

18 “The Flow of Air Through Circular Orifices With Rounded 
Approach,” by J. A. Polson, J. G. Lowther, and B. J. Wilson, Uni- 
versity of Illinois Experiment Station, Bulletin No. 207. 

19 “The Flow of Air and Steam Through Orifices,”’ by H. B. 
Reynolds, A.S.M.E. Trans., 1916. 

20 “Experiments Develop New Constants in Air Flow Measuring 
Formula,” by J. Taylor, Automotive Industries, May, 1923. 

21 ‘‘Measurement of Air Flow in Fan Work,” by C. H. Treat, 


A.S.M.E. Trans., 1912. 
Appendix 


= 
CALIBRATION OF MANOMETERS 
The type of micromanometer used is essentially a primary in- 
strument and no corrections or calibration must be made other 
than to know the density of the fluid at the temperature pre- 
vailing. 
It consists of a horizontal bottle half filled with elehel used as 
a reservoir and connected below the fluid level by a flexible hose to , 
a glass tube with a cross hair engraved on it as shown in Fig. 3 
This inclined tube may be raised or lowered by turning the dial 
on top of the main screw. The inclination of the tube may be 
varied to change the sensitiveness of the instrument. For pres- 
sures in the neighborhood of 0.1 in., an angle of 2 deg was used 
which gives about 0.028 in. of movement of the meniscus for 
0.001 in. vertical motion, which is easily read. The zero may 


” by R.S. King 


H. Carrier, 


- be set by raising or lowering the inclined tube relative to the 


carriage until the bottom of the meniscus is on the cross hair, 
having first set the dial on zero. 

If the differential of two pressures is to be measured, the lower 
pressure is connected to the top of the inclined tube and the 
higher pressure to the reservoir. If one pressure above atmos- 
pheric is being measured the connection is made to the reservoir, 
the top of the cross hair tube being open to the air. For a pres- 
sure below that of the air, this connection is shifted to the in- 
clined tube. 

In either case, to measure the pressure the dial is turned to 
raise the inclined tube until the meniscus of the liquid level is 
opposite the cross hair. Since the main screw has ten threads 
to the inch, one revolution means 0.1 in. on the vertical scale. 
The rim of the dial has 100 equal divisions so that 0.01 revolution 
means 0.001 in. vertical travel of the carriage. 

Although this instrument reads directly to 0.001 in. alcohol and 
may be easily estimated to 0.0005 in., its accuracy is determined 
entirely by the precision with which the main screw thread is cut. 
These screws were cut on a special toolmaker’s lathe by an 
expert machinist, and care was taken while turning to prevent 
heating. The temperature changes encountered, however, have 
no appreciable effect on its accuracy, as a 20-deg change in tem- 
perature affects the length of the brass screws only 0.02 per cent. 

The pitch of the screws of each manometer was checked with 
a new micrometer for the entire 8 in. length and at no point was 
there an error of over 0.0005 in. This is the limit of accuracy of 
the extension type micrometer used. 

An advantage of this instrument over the usual inclined 
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regardless of the reading, since the same volume of liquid is in the 
tube when the meniscus is at the cross hair. 

Another advantage is that there can be no error of uneven 
capillary effect in a tube of varying bore, since for all readings 
the liquid is at the same position in the tube. When the instru- 
ment is set on zero, compensation is automatically made for any 

This is small since a tube of large 

_ bore is used. 

The density of the ethyl alcohol used was found by two 

_ methods, (a) by using a standard hydrometer at 86 F, the specific 

- gravity was found to be 0.802, (b) by drawing the liquid up a 


/mpact & Static Pressure 
Connections 


Fic. 12 Prror Tuses Usep In CALIBRATING VENTURI METEP 


long vertical tube connected to a similar tube containing dis- 
tilled water, the specific gravity was obtained by dividing the 
height of the water column by the height of the alcohol column 
and multiplying the result by the specific gravity of water at that 
temperature. It was found to be 0.806 at 77 F. Both determi- 
nations fall on the same temperature-density line. 

Distilled water was first tried in these manometers but it was 
found that the meniscus broke when the tube was inclined at 
slight angles, and so alcohol was resorted to. Alcohol had the 
additional advantage of giving about 25 per cent greater reading 
for the same pressure. 


CALIBRATION OF Pitot TuBES 


Pitot tubes were used to calibrate the venturi meter. These 
were made according to different standards and are shown in 
Fig. 12. One was made according to recommendations of the 
A.S.M.E. and the other, which was borrowed from the Guggen- 
heim School of Aeronautics at the Georgia School of Technology, 
was made according to recommendations of the Aeronautical 
Research Committee of the National Physical Laboratory of 
England. 

It is conceded that a properly built tube has a coefficient of 
unity but since om tubes are ieeened different, it was de- 


cided to compare them. Both tubes were placed in a small wind 
tunnel and simultaneous readings were taken at ten different ve- 
locities up to 75 mph. There was a constant difference in the 
differential pressures shown of about 1.3 per cent which would 
give an error of about 0.65 per cent difference in the velocity 
indicated. Part of the error was due to the fact that both tubes 
were not in the same line of flow. The positions of the two tubes 
were then interchanged and the readings showed a difference of 

0.7 per cent as compared with the first case. Thus the net 

1.3 + (—0.7) 

error was a “ane or 0.3 per cent. 

That is, an approximate difference of 0.15 per cent in the 
velocity indications of the two tubes existed which of course is of 
negligible magnitude. 


CALIBRATION OF VENTURI ME 


The venturi tube was constructed of 20-gage galvanized iron 
and consisted of two conical sections put together without any 
straight section for the throat. Due to this construction, it was 
expected that the coefficient of discharge would be out of line 
with that of other large tubes, but it was the only one available. 
However, this does not affect the accuracy of measurement if the 
instrument is properly calibrated since the absolute value of the 
coefficient is immaterial. 

Originally there were four 1-in. holes connected by a piezome- 
ter ring at the throat and the same at the approach section 
to measure the static pressure in these planes. These holes were 
soldered over and in their place eight '/s-in. holes were drilled at 
each section and slightly beveled to remove burrs. Large holes 
give false readings by disturbing the flow and setting up currents 
within the piezometer rings. 

A wooden frame was built around the tube to support vertical 
and horizontal guides for pitot tube traverses. One traverse 
section was 3 ft 4 in. upstream from the venturi reducer and the 
other was 6.4 in. downstream from the static holes in the throat. 
This latter section is in the diverging cone following the throat, 
which increases about !/;o in. diam for each inch in length. 

The short-nosed tube was used at the smaller section so that the 
impact and static holes would be nearer the same plane. The 
area of the pipe at the static holes was used in computing the 
flow, since the impact opening of the pitot tube gives the total 
pressure, which is the same in different sections of a steadily 
flowing fluid except for the friction loss. In this case the friction 
loss is negligible as the distance considered is only the 1°/j¢ in. 
between the impact and static holes. That is, in effect both static 
and total pressures were measured in the plane of the static 
holes, and hence this area was used. 

Twenty-point pitot-tube traverses were made after the man- 
ner specified in the fan test code of the American Society of 
Heating and Ventilating Engineers, at the approach and throat 
sections of the venturi tube. The respective areas were divided 
into five equal concentric circular areas and four readings were 
taken 90 deg apart in the centers of each of the five areas, making 
20 readings for each traverse. The average velocity was multi- 
plied by the area to determine the flow. Since the velocity is 
proportional to the square root of the velocity pressure, the 
square root of each reading was found and the average of these 
used rather than the average of the pressure readings. 

The volume of air flowing was found with the pitot tube tra- 
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in which 
= average velocity in the section, fps 
H = head of the fluid flowing, ft _ 
a g acceleration due to gravity 
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Similarly, the volume of air flowing is measured by the venturi 
meter with 


V = 


X 62.43 


12 X de 
overall coefficient of discharge, including approach 
velocity factor 
area of venturi throat, sq ft 
venturi pressure differential, in. alcohol 
specific gravity of alcohol in venturi manometer 
density of air at approach section 
actual flow 


= average of square roots of velocity pressure, in. 
alcohol 

specific gravity of alcohol 

density of air flowing. 
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Fig. 13 CALIBRATION CurRVE oF VENTURI METER 
(Throat, 12.09 in.; approach 22.83 in.) 

d = d», since the same air flows through and the pres- 
sure is within 1 per cent. Thus Cy becomes 


= 
D2 x VP. 


The value of C, was determined by 21 separate 20-point tra- 
verses at various rates of flow. Nine of these traverses were 
made in the main duct and twelve were made in the narrow sec- 
tion following the throat. When possible, simultaneous tra- 
verses were made in both sections. However. at very low rates 
of flow only the throat traverse could be used as the velocity in 
the pipe was too low to be measured. 

The values of the coefficient obtained are shown in Fig. 13. 
It may be seen that all points except three show very good agree- 
ment. The curve shown was used for the value of the coefficient 
for any rate of flow needed in the orifice tests. 
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This paper has for its object an exposition and discussion 
of new facts brought out in consequential tests and studies 
of the design and operation of vacuum pans in the sugar 
industry, and the logical consequence of these data in the 
readoption of the rather old and generally discarded 
principle of mechanical circulation. 

It is demonstrated by actual observations that the 
heating of the heavy and viscous masse-cuite circulating 
through the tubes of the pans is not at all uniform, as 
has generally been assumed. During critical periods of 
operation, streamline flow obtains and the liquid is 
heated only at the skin. Recorded differences of tem- 
perature in the masse-cuite show observable variations of 
fully 30 F, with all indications of unobservable differences 
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of as much as 50 F. With mechanical circulation, as pro- 
posed by the author, these variations are cut down to 
about one-fourth of their intensity. 

This radically different operation makes possible new 
and interesting results, among which may be mentioned 
uninterrupted growth of sugar crystals, uniformity of 
products, greatly decreased formation of conglomerates, 
absence of false grain, faster operation, lower-steam 
pressures. 

One of the very interesting developments also brought 
out in the paper is a method of cooling low-grade strikes 
in the pans themselves in the short period of four hours, 
thus eliminating the time-honored crystallizer from the 
raw-sugar industry. 


HE subject of circulation in vacuum pans has ¥ 7 + a 
been badly neglected and the explanations offered 7 + be 
by the average sugar boiler reveal this fact. He will 1.6} 10 + 
assure you that this or that pan has good or bad circula- Ls \ — 
tion, and makes good grain or bad grain, as the case 92, 4 \ — : 3 
may be. He will also tell you that good circulation is 3 |” tT aoe 
indispensable, that you cannot work without it, and so dite an ia t « 
on. Then you ask him how fast must the circulation be ui! e | 35% 
to give good results. Thisis another story. It must be z 
fast, good, uniform, active, etc., but how fast he does “jo + 302 
not know. His chief does not know. The man who 6 9 ¥ CALCULATED SPEED OF CIRCULATION 
a chief does not know. As a matter of fact, no- 5 al. FOR *C* STRIKE ass 
y knows. 3 
Why not? If circulation is as important as it is sup- 5 °’f . 205 
posed to be, somebody should be able to tell how fast 4 6} x 5 
itis. There is nothing in the literature about it. There Is 
are many data relating to almost everything except circu- 9 a \" - 8 
lation, which is always described in terms of glittering 7 P X io7g 
generalities. And yet, every one agrees that it is the 7 m 
one most important requirement of any pan. The truth # — 5 
of it is that it is almost impossible to measure the speed th 
of circulation, and that statement applies to evaporators * + + + + >» 
as well as to vacuum pans. ELAPSED TIME— HOURS - 
A 


DETERMINING THE SPEED OF CIRCULATION 


In attempting to determine the speed of circulation some 
thorough tests were made on a good standard calandria pan, in 
which all determinable facts were recorded. One of these was the 
rate of evaporation in pounds per hour observed at ten-minute 
intervals. Since the circulation is not measurable, it was de- 
cided to estimate it as follows: 


1 Engineer, U. S. Pipe & Foundry Co., Burlington, N. J. Mem. 
A.S.M.E. Mr. Webre has been identified for the past thirty years 
with the sugar industry as designer of evaporators, vacuum pans, and 
heaters. He is the author of a textbook entitled ‘‘Evaporation,” as 
well as of many papers and bulletins on related subjects, presented 
before groups of sugar technologists. 

Contributed by the Process Division and presented at the Annual 
Meeting, December 3 to 7, 1934, of THe AMERICAN Soctety of ME- 
CHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be accepted 
until February 11, 1935, for publication in a later issue of Transac- 
tions. 

Note: Statements and opinions advanced in papers are to be 
understood as indiv idual sl expressions of their authors, and not those 
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CALCULATED SPEED OF CIRCULATION FOR “‘C”’ STRIKE 


It was assumed that on the average masse-cuite is heated in the 
tubes, goes up to the boiling surface, releases its heat by flashing, 
and returns below the calandria through the downtake for a new 
circuit. The temperature at the boiling surface and the tempera- 
ture as the masse-cuite left the tubes were known. The differ- 
ence between the two gave the temperature rise. The specific 
heat of masse-cuite and the rate of evaporation, which is the same 
as the rate at which heat is absorbed by the masse-cuite as it 
passes through the tubes, were also known. It was therefore 
easy enough by simple arithmetic to arrive at the weight of masse- 
cuite per unit of time passing through the tubes, and from that, 
the volume, since the specific gravity was known. Having the 
total cross-section of the tubes, the speed of circulation in feet 
per second was easily calculated, not with absolute precision, but 
certainly closely enough. The results are shown in Fig. 1. 

This chart was an eye opener! It shows that at its best, the 
circulation in vacuum pans is very poor. At its worst, it is not 
circulation at all but stagnation, in which there are all sorts of 
undesirable heating effects. Tee: 
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After much thought, it was 
to one tube in the pan. The 
scheme finally adopted was to 
attach a ferrule to a tube near- 
est the shell of the pan, this 
ferrule extending perhaps 6 in. 
above the upper tube sheet. 
See Fig. 2. Then a very ac- 


curate and sensitive thermome- 


Fig. 2 


Further evidence appears in a paper by J. C. Keane and E. K. 

Ventre presented before the International Society of Sugar Cane 

_ Technologists at San Juan, Puerto Rico, in 1932. Mr. Keane 
found that on low grades, sugars obtained from the pan when 
full, but before final concentration, showed 100 per cent higher 
filterability than sugars obtained after final concentration, during 
which time the circulation is poorest, and the heat injury, there- 
fore, greatest. 
Is tHe Heat UNrirorm? 

There is another point about heating viscous masses moving 
slowly through large-diameter short tubes such as exist in vac- 
uum pans. How can it conceivably be assumed that this heat- 
ing is uniform throughout the masse? There is no justification 

_ whatever for any such assumption, for, in the first place, the 
_ heat conductivity of the material must be very low due to its 
viscosity, and, furthermore, at these low speeds, streamline flow 
- must exist, in which case there would be very little mixing. 


TEMPERATURE CONDITIONS 


It was decided, therefore, to embark upon a special investiga- 
_ tion to determine as far as possible just what temperatures 
- could be found in the tubes of these pans during operation. 


ter was mounted in a proof 
stick and lined up centrally 
with the tube in question and 
as close to the tube sheet as 
practicable. An opening was 
made in the side of the ferrule 
permitting the free passage of 
the thermometer and its mount- 
ing. With it the temperature 
of the masse-cuite as it left 
the tube and in any part of 
the stream could be observed. 


OBSERVATION PROCEDURE 


Movuntine or ExpeRIMENTAL THERMOMETER ON VaAcuuM Pans 


After the usual preliminary 
runs, it was decided to observe only three temperature positions, 
namely: (1) just inside the tube to show the skin-heating effect, 
(2) at the center of the tube to show the probable minimum 
temperature, and (3) outside the tube in the body of the masse- 
cuite. The instrument has its limitations, since the mercury 
bulb is about 7/s in. long and, therefore, any reading shows the- 
average for this length and not that at the local points to which 
particular interest is attached. It is, therefore, evident that in 
every case neither the maxima nor the minima could be obtained. 
In addition, when the thermometer is thrust to mid-position 2, 
there is bound to be a warping of the streamlines whose influence 
on the readings must be appreciable. Moreover, while the reac- 
tion of the mercury was rapid, it was far from being instantane- 
ous, and, for that reason, a certain lag was inevitable. 

A standard procedure was used to compensate as much as 
possible for the forementioned inadequacies. Three positions 
were accurately fixed, and templets were provided by which any 
one could be spotted instantly. In all cases the instrument was 
allowed to remain at each station for a period of two minutes, 
with readings every ten seconds, after which a quick shift was 
made to the next, and so on, rotating definitely to the three po- 
sitions for the entire duration of the strike. 
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The procedure in making the tests was laborious, involving 
thousands of readings. While these were being taken, other pan 
observations were made at regular intervals, so that these data 
could be correlated to other pertinent facts. 

These tests occupied several months, as they were made on a 
number of different pans, operating under all conceivable condi- 
tions, and the data are entirely too numerous to be reproduced 
completely in this paper. Therefore, only those that have a 
direct bearing on the subject of this discussion will be included. 

Fig. 3 shows the results of a test on a 12-ft standard calandria 
pan, having 5-in. No. 14 copper tubes 48 in. long and a central 
downtake 72 in. in diameter, while making a “C’”’ or low-grade 
strike. This downtake diameter is not a mistake. It was made 
that way—one-half of the pan diameter—especially designed for 
good, fast, uniform circulation, as required by all the experts. 
All the experts agree that this pan has wonderful circulation, so 
that the results shown are really better than those obtained in 
the average pan 

The abscissas in Fig. 3 represent clock time. All the other 
data are given as ordinates, and are: height of masse-cuite above 
upper tube sheet; readings of the pan thermometer; readings of 
the experimental thermometer; and steam temperatures. 

The numbered spaces at the top show the positions of the ex- 
perimental thermometer. After the completion of each round of 
observations, one minute was allowed for reading the other in- 
struments. That interval is shown as a dotted line in the ex- 


perimental-thermometer curve. 


EXAMINATION OF RESULTS 


Let us now examine the results. 
the experimental thermometer was read every ten seconds, giving 
twelve readings at each station. The temperature was con- 
stantly changing, making the taking of readings difficult. The 
instrument was a standard Clerget thermometer, graduated to 
tenths of a degree centigrade. Evidently, from the beginning, 
while vigorous boiling was going on in the tubes, the reading at 
station 1 was consistently higher than at the other positions, but 
the excessive turbulence made it difficult to observe. 

The one point of interest is that the average reading of the ex- 
perimental thermometer is consistently well above that of the 
pan thermometer, both instruments having been calibrated as 
correct. The maximum difference between the two is about 
7C. The difference between adjacent stations at the experimen- 
tal thermometer is small, perhaps one to two degrees. 

As the strike progresses, two things happen: The readings at 
station 1, or at the inner periphery of the tube, increase more and 


It must be remembered that 
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more as compared with those at station 2 in the center of the 
tube. This difference attains a maximum at the very end of the 
strike, when it reaches 17 C, or 30.6 F, which is almost unbe- 
lievable. Bearing in mind the limitations of the instrument, it 
will be realized that the actual difference between the tempera- 
tures at stations 1 and 2 is no doubt much greater than indicated 
as it is impossible to get a true reading. As an intelligent esti- 
mate, based upon experience and information, 30 C (54 F) is the 
probable figure. 

The other interesting development is that the readings of the 
experimental thermometer at station 2 in the center of the tube 
gradually approach that of the pan thermometer, and actually 
drop below it at two points. Theoretically, it should go materi- 
ally below the pan thermometer, but, as explained before, in- 
strument limitations prevented from getting the minimum as well 
as the maximum, and the results are about what might be ex- 
pected. 

It will be noted that the average reading of the experimental 
thermometer is much higher than that of the pan thermometer. 
No particular significance can be attached to this fact, since it is 
known that the average of the experimental thermometer does 
not necessarily indicate the average temperature of the masse- 
cuite in the tube. This average masse-cuite temperature is in- 
dicated by the pan thermometer. 

The fact that has been established is that masse-cuite, as it 
passes through the tubes, is not uniformly heated. In it there 
are local variations in temperature as great as 50 F at the end of 
the strike. The task is to appraise the true significance of this 
fact. 


INTERPRETATION OF THE RESULTS 


What are the consequences of the data that have been referred 
to? 

In the first place, what causes circulation in vacuum pans? 
When the level of the strike is low, there can be no doubt that 
circulation is induced by the formation of vapor bubbles in the 
tubes of the calandria, thus reducing the specific gravity of the 
masse as a whole as compared with the balancing column in the 
downtake, which has no vapor bubbles. The differcace in weight 
of these two columns causes upflow in the tubes, accompanied 
by a corresponding downflow in the downtake. This is circula- 
tion. 

It is claimed by some that circulation takes place by convec- 
tion due to the fact that the masse is hotter in the tubes and above 
them than in the center of the pan and the downtake. It is hard 
to conceive of any force brought about by temperature differ- 
ences that is adequate to cause an appreciable movement of the 
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masse. It is easy enough to estimate the value of this force as a 
maximum. 

If the foregoing premise is true, then the maximum circulation 
would be at the end of the strike when the levels are high, and 
: it is known that this is not so. Be that as it may, taking the pan 

= with the masse-cuite six feet above the upper tube sheet, as an 
example, then consider the following: 

The pan thermometer during the test already quoted read 59 
C (138.2 F) at six feet. It is also known that the minimum tem- 
perature at the boiling surface was about 124.0 F, since the 
vacuum was 27.3 in. when this observation was made. The 
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ated to come into contact with some of the cooler masse-cuite, 
when immediate condensation takes place. 

This procedure is repeated on the way up, gradually lowering 
the temperature of the hot spots by raising the temperature of 
the cold spots through these little explosions and condensations, 
ultimately attaining the general average temperature indicated 
by the pan thermometer. This average exists in uniformity at _ 
the level of uninterrupted ebullition, probably limited to a zone 
extending 12 in. below the surface of the masse-cuite in the pan. 

There is no doubt in the author’s mind that this is the main 
motive force causing circulation, for whereas the individual dis- 

placements are small in volume and duration, they 


are of infinite number, and extend from the tubes 
themselves to the very top of the masse. As fast 
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as one flash bubble condenses, another takes its 
place near-by. It can be easily seen, therefore, 
that the weight of this agitated masse-cuite in the 
outer periphery of the pan is inevitably lightened 
as compared with the downward moving central 
stream which is free from flash spots. 


Tue Dancers INVOLVED 


Incidentally, it might be noted that these in- 
tense volumetric disturbances caused by these so- 


called flash explosions, within reasonable limits, in 
no way injure the operation of the pan; quite the 


contrary, they cause a continual rapid change of 
position of the sugar crystals in their surrounding 
molasses or syrup, thus permitting a more com- 
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plete exhaustion. 


| PAN THERMOMETER 


There are two dangers involved, however. One 
is the fact that if local temperatures are too high, 


there is likelihood of a considerable color incre- 
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ment. The other is that undoubtedly a point of 
unsaturation is reached, wherein sugar actually 
redissolves into the molasses or syrup. This is 
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minimum temperature in the downtake could not be less than 
this. The difference, therefore, is 14.2 F. 

Let us further assume that the change of temperature in the 
tubes was gradual throughout their length. We can, therefore, 
say that we have two columns of masse-cuite nominally 8 ft 
high. The expansion due to this difference of temperature is 
about 0.83 per cent. In other words, the difference of head be- 
tween the two columns would be 0.83 per cent of 8 ft, which is 
0.0664 ft, or 0.7968 in., as an absolute maximum. Actually, 
through the tubes themselves it would certainly not be one- 
fourth of that figure. 

How any such difference of pressure could produce an appre- 


. ciable motion of thick, heavy masse-cuite through the tubes of a 
vacuum pan is inconceivable, and this hypothesis must be aban- 
doned. 
Tae Reat Mecuanism or Natura CrrcuLaTION 


It has been shown that masse-cuite as it leaves the tubes of the 
pan on its way up is not uniformly heated, but, on the contrary, 
contains many spots at different temperatures, the general aver- 
age of which is represented by the readings of the pan thermome- 
ter. As the masse proceeds upward, even in the tubes them- 
selves, when these spots reach a level where the local vacuum 
; corresponds to their boiling temperature, a flash takes place with 
the release of a vapor bubble whose size corresponds to the mag- 
nitude of the hot spot. This volume displacement causes a 
sudden readjustment of position, permitting the vapor so liber- 


not only a destruction of work already done, but, 
in addition, is likely to bring about the forma- © 
tion of conglomerates and possibly false grain. 


There are well-defined limits to all of this. @ de till 
Convvuctivity or Masse-CulTe 


The probable low heat conductivity of masse-cuite has been 
mentioned. The author is opposed to laboratory experiments 
in these investigations, as the change of proportions involves 
a change of the problem. With the experimental thermometer, : 
therefore, an interesting test was made tending to shed light on 
this subject, as follows: A standard ‘“‘C’”’ strike was boiled until 
the level of the masse was about 4 ft above the top of the upper 
tube sheet. Then the steam was shut off, the vacuum dropped, 
and readings of the experimental thermometer were begun, but — 
this time, at stations 1 and 2 only. The idea was to find out how 
long it would take for the temperature at the inner periphery of 
the tube to equalize with that at the center. As in the former 
case, the thermometer was kept at each station for two minutes, 
and readings were taken every ten seconds. Fig. 4 shows the 
results, indicating that it would require at least one hour or more 
for these temperatures to stabilize. 

What then is the significance of this new fact? Evidently, © 
the penetration of heat into the masse is very shallow indeed, — 
and there must be purely a skin-heating effect. If such is the © 
case, it is possible to reconcile the data of Fig. 3. 

The skin-heating effect brings out another point. What re- 
tards circulation is the viscosity of the masse. Viscosity is al- 
ways an inverse function of temperature. If the skin of the 
stream flowing through the tube has a greatly reduced viscosity, 
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then we have the equivalent of a lubricant at this point, and the 
higher the temperature, the greater the lubrication. In the 
absence of boiling in the tube, then this masse-cuite would pass 
through as an oiled sausage. This is perhaps an exaggeration, 


but it gives a better picture of the conditions as they are. 


ae 


Let us now consider the usual manner in which feed is admitted 
to the pan. This feed is of relatively low density, probably 65 
brix, whereas the strike is at 90 brix or better. Syrup is invari- 
ably admitted through one large pipe at one point, and it is very 
difficult to get a complete and rapid mixture. This is one of the 
outstanding defects, but particularly on low grades. In the 
absence of an immediate thorough mixture, it is easily possible 
for some of this light liquid to float at once to the top, thus bring- 
ing about a poor operating condition, as the two liquids are cer- 
tainly not easily miscible. 

A much more desirable method would be to introduce the feed 
through a perforated coil located under the bottom tube sheet 


Freep DIsTRIBUTION 


so as to compensate as much as possible for the difficulty pointed | 


out, and thus minimize the undesirable results. 


Basis OF PAN OPERATION 


In view of these new field results, it is now advisable to re- 
view carefully the basis on which these pans are operated, so as 
better to appreciate their true significance, and it would do no 
harm to start at the beginning. 
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PRO-56-1 


The vacuum pan works under constantly changing conditions. 
The first step is to concentrate the syrup in limited quantities 
until grain is obtained, then to make these individual crystals 
grow in size, but not in number, until the volume of the full strike 
has been reached. The fact must be emphasized that the crys- 
tals must grow uniformly without the formation of new and 
smaller ones. It is essentially a batch operation which starts with 
the liquor level just above the upper tube sheet, and finishes 
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Fie. 6 SuGAR SOLUTIONS 


with a strike or a skip whose volume has grown perhaps six or 
seven feet above the original starting point. 

Unlike most soluble salts, sugar crystals do not form in the 
solution as soon as the saturation point is reached. Indeed, 
grain will not form until the concentration has been pushed quite 
a bit farther. Even after the crystals are formed they will not 
grow rapidly unless a certain amount of supersaturation is main- 
tained. The manipulation of densities evidently requires skill 
and knowledge, for if too high concentrations are maintained, 
new small crystals will form and these will have to be destroyed 
by bringing the syrup below saturation, which involves not only 
loss of time, but also the heat expense of evaporating the water 
used for dilution. The growing densities and crystal-forming 
densities must be carefully controlled for satisfactory operation. 


SATURATION, SUPERSATURATION, AND UNSATURATION 


This is all delicate work, totally impossible in inexperienced 
hands, and must be carefully analyzed to be properly understood. 
The solubility of sucrose in water is the foundation. For this, 
tables by Herzfeld are used. Fig. 5 has been plotted from this 
table. In it ordinates represent the solubility of sucrose in parts 
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per hundred parts of water. The abscissas give the tempera- 
tures within our range. The heavy line is the solubility or satu- 
ration. Above it-are lighter lines showing the different levels of 
supersaturation, and below, similar lines of unsaturation. The 
effect of a change of temperature on a solution of any concen- 
tration can be easily and quickly read. The chart is for pure su- 
crose solutions, and would have to be modified if impurities were 
present in material proportions. 


RIsE 


Fig. 6 shows the rise in boiling points of sucrose solutions above 
the boiling points of water. This is usually called the “boiling- 
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point rise,’ abbreviated B.P.R. The data were taken from 
Claassen. 


Pan TEMPERATURES 


Figs. 5 and 6, supplemented by the steam tables, make it pos- 
sible to plot the very interesting diagram of Fig. 7, showing the 
maximum temperatures that can be attained in the boiling masse- 
cuite in a vacuum pan while it is in operation, for any vacuum, 
and at any depth below the level of the liquid. 

Fig. 7 is based on a supersaturation of 1.20, as recommended 
by both Claassen and Theime, who are recognized authorities 
on the subject. This 1.20 point is subject to some variations. 
It may drop as low as 1.15 for high-purity syrups while making 
fine granulated sugar. It may also reach 1.30 for low-grade 
crystallizer strikes. For the present, it is assumed that the 1.20 
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suffices as fairly representative of average operating conditions. 


The ordinates represent temperatures, but in this instance 
they are plotted in the reverse order for convenience. The 
abscissas give the absolute pressures and vacua under which the 


pan is operating. The top line shows the vacuum temperature. 
Next comes the boiling temperature at the surface of the masse- 
cuite, which was obtained by adding the B.P.R. to the vapor 
temperature for a supersaturation of 1.20 at the particular tem- 
perature. It must be noted that the B.P.R. is not the same for 
different vacua, even though the supersaturation is constant, be- 
cause the solubility of sucrose varies with the temperature and 
the same supersaturation at various temperatures involves dif- _ 
ferent concentrations, and hence different B.P.R’s. 

The next line below shows the temperature required for ebulli- 
tion at a depth of one foot below the surface. This is arrived at _ 
by correcting the vacuum in the pan for the superposed hydro- — 
static head, and then adding the same B.P.R. as before for the 
1.20 supersaturation. The succeeding lines give this boiling : 
point for depths of 2 ft, 3 ft, and so on, to 14 ft 

The dotted line is significant, showing the depth at which 
ebullition temperatures have brought the saturation down to 
unity. The modified Herzfeld chart makes it possible to plot 
this curve. Above this critical line is a condition of supersatus — 
ration in which the sugar crystals will grow, and below it, a con- — 
dition of unsaturation in which the suger crystals will dissolve. 
In the latter event, not only will the size of the crystals decrease, 
involving a destruction of work done, but at the same time the 
concentration of the syrup or molasses will increase, and this, if 
carried too far, can easily bring about the formation of “smear,” _ 
false grain, or conglomerates when the masse reaches the boiling 
surface, as at this point the supersaturation will be suddenly in- ; 


creased beyond the safe limit. Very high strikes always involve 
this danger, as can be readily seen. . 


Vacuum VARIATIONS 


Pan operators always complain vigorously when there are 
appreciable changes of vacuum during the operation. A study 
of Fig. 7 will show the reason for this. Assume, for example, a 
drop of vacuum from 26 in. to 24 in., and after a period of time, 
a return to the original 26 in. The boiling temperature chart, 
Fig. 7, shows that the boiling points at 1.20 supersaturation are 
140.0 and 157.5 F. Going back now to the Herzfeld diagram, 
Fig. 5, the first change lowers the supersaturation from 1.20 to 
1.075. Nothing happens except that the pan slows down a 
little until the standard supersaturation at the new vacuum is 
attained. The second change, however, when the vacuum is 
suddenly brought back to 26 in., boosts the supersaturation to 
1.325 and, with this, the formation of false grain is inevitable. 
All necessary precautions should be provided to avoid vacuum 
variations during the making of strikes in vacuum pans. It 
will pay big dividends in improved quality of ‘Sugar, and in steam 
saving as well. 


Summina Up THE Data 


The experimental and theoretical studies have shown up many : 
weak points in no uncertain manner, and we are now ready to 7 
draw conclusions: 

(1) The so-called good circulation was not so good after all. | 
At best, it was poor, and at worst, it was stagnation. 7 

(2) Local overheating attains unbelievable proportions eh 


bring the syrup or molasses in the masse-cuite in the tubes much 

below saturation, permitting redissolution of crystals with de-— 
struction of work done. The consequent additional danger of — 
color increment is also present. With the increased concentra- — 
tion of syrup above normal, there is also the imminent probability — 
of false grain and conglomerates. : 
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(3) The distribution of feed is also poor, and leaves much 
room for improvement. 

(4) All of this makes for delicate and difficult control of an 
operation that should be simple. 


MECHANICAL CIRCULATION 


The solution to all these problems has been found in the proper 
application of mechanical circulation. The idea is old, and 
failed originally for several reasons among which may be men- 
tioned improper design, inadequate size and capacity, and in- 
sufficient power. 

It took several years of investigation and study to arrive at 
the apparatus shown in Fig. 8. Originally, it consisted of a large 
screw-pump element installed at the bottom of the downtake, 
driven through a wormgear reduction mounted at the top of the 
pan. It was necessary to find the proper speeds and the amount 
of power under different operating conditions, and in this con- 
nection it is important to remember that there is a vast differ- 


ence between pumping water and pumping viscous masse-cuite. 


THe FuNcTION OF THE AMMETER 


For this reason, early during the experimental period, an am- 
meter was installed in one of the electric circuits on the motor 
drive, so that at all times the amount of power being used could 
be measured. It soon developed that this instrument was a 
valuable adjunct to the pan, for, since pumping was against a 
friction head only, the reading of the ammeter was almost di- 
rectly proportional to the viscosity of the masse. The pan op- 
erator is guided by viscosity in regulating the amount of feed to 
the strike, and the ammeter gave him an excellent index for his 
work. Therefore, a recording instead of an indicating ammeter 
was used and it has now become part of the regular equipment. 


OnE Screw Pump INADEQUATE 


Certain difficulties were found with one screw pump in the 
downtake. As long as the strike was low, everything worked 
well, but when a level of 3 or 4 ft above the top tube sheet was 
passed, the temperature of the masse-cuite began to go to ab- 
normal proportions, attaining an excess of as high as 30 to 40 
deg at the end of the strike. Finally, it was realized that this 
was Owing to the fact that all of the masse-cuite heated in the 
tubes of the calandria did not go up to the boiling level but 
shunted back into the circulator due to the draft of the screw 
pump. 


SUPPLEMENTARY SCROLL 


The next step was to put a large scroll on the shaft immedi- 
ately above the upper tube sheet, extending almost to the top of 
the finished strike level. This helped somewhat, but there were 
still excessive temperatures as before. The conclusion was then 
reached that the material was so viscous that the scroll lost its 
true shape, and thus failed in proper displacement. The vanes 
of this scroll had a very thick layer of masse-cuite adhering to 
them during operation, and it appeared that the masse-cuite, in- 
stead of being pushed down, swirled with the mechanism. This 
produced a centrifugal tendency bringing about a radial flow 
away from the center and destroying the intended downward 
flow. 


Mu Rorors 


One solution would have been to enclose the scroll in a tube. 
This could not be done, since the scroll would then be inopera- 
tive until the strike level passed the top of the enclosing tube. 
The arrangement finally adopted and now in use is shown in 
Fig. 8. Three more screw pumps were placed on the shaft above 
the top tube sheet. These pumps are surrounded by a frame- 
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work of six angle irons fastened to the tube sheet at one end and 
to the dome at the other. Each runner is then enclosed by a 
ring that barely overlaps the blades. This absolutely stops 
radial flow away from the center. Then, between each runner 
and the next, a set of vertical rectifying vanes is interposed, 
rigidly secured to the angles, so that any swirling tendency im- 
parted by the rotors is immediately converted into a downward 
motion, thus helping the pump instead of robbing its capacity. 
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Fig. 8 Vacuum Pan Provipep WiTH MECHANICAL CIRCULATION 


With this design, no matter where the strike level may be, 
there is a positive direct flow of masse-cuite from the surface of 
ebullition, down the circulator, through the central downtake, 
into the bottom, up the tubes again, to the boiling surface, and 
down again, completing the circuit, all without cross flow or in- 


terference. 
DIsTRIBUTION 


Attention must now be turned to the matter of feed distribu- 
tion. The screw pumps themselves are made of hollow drums 
open at the bottom. To these drums, the vanes or screw ele- 
ments are bolted, and under each vane there are two 2-in. holes. 
The feed is admitted from below into the bottom of the lower 
drum, and flows out radially by centrifugal action through the 
2-in. holes under the rapidly moving vanes, where an immediate 
mixture takes place. 


TEMPERATURE CHART WiTH MECHANICAL CIRCULATION 


It is now time to examine a chart made on a “C”’ strike similar 
in all respects to the one submitted for the pan without mechani- 
cal circulation. The pan with mechanical circulation on which 
this test was made is an exact duplicate of the one without it, 
is located in the same plant, and is operating under precisely the 
same conditions and by the same operator. The test observa- 
tions in Fig. 9 show the accomplishments effected by positive 
adequate circulation. The principal feature, of course, is the 
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fact that the temperature changes noted by means of the experi- 
mental thermometer have been cut down to about one-fourth of 
‘ their original intensity. It is too much to expect complete elimi- 
nation of variations, which cannot be achieved except at abnor- 
expense altogether unjustified. 


EVAPORATING RATES 


At the beginning of the strike, when the level is low, evaporat- 
ing rates, with and without mechanical circulation, are about the 
same, but as soon as the level passes 3 ft above the top tube sheet, 
there is a decided advantage in favor of the circulator. This ad- 
vantage gradually increases as the strike goes up, until, toward 

the end of the operation, the rate of evaporation with the circu- 
lator is about five times as fast as without it. Another point 
worthy of comment is that these new pans, since the circulation 
= is independent of the steam pressure, can operate at any height 
above the top tube sheet. Also they can run with much lower 
steam pressures than before. Actually, time and again, ‘“C” 
strikes have been made with steam at 5 in. vacuum and the levels 
have been carried as high as 8 ft above the upper tube sheet. 
_ In some of the refineries the strike level has been carried 12 ft 

7 above the heating surface, with perfectly good results. 


PowER REQUIREMENTS 


The power required for driving the mechanical circulator is 
much more than that required by the former design, because it 
has greater capacity, but it does an incomparable job in terms of 
the old units. However, the power capacity is not at all exces- 

sive. The load is relatively small until final concentration takes 
place, at which there is quite a peak, the duration being perhaps 

15 min for low grades and only about 3 min for refinery work. 
The unit has to be designed for maximum conditions and hence 
__ it is of rugged construction. When the cooling of low grades is 
- undertaken, the power increases greatly owing to the higher 
viscosity of the masse, and when such an operation is contem- 
___ plated, either the power must be increased or the speed reduced. 


Basic ConpDITIONS 

Tr. In the making of a strike there are two factors, one being the 
concentration of the sucrose solution by evaporation and the 
other the absorption of this sucrose by the sugar crystals kept in 
suspension by the circulation within the pan. Evaporation will 

r be as fast as the heating surface under the existing temperature 

- conditions will permit, but must not be faster than the crystals 

will absorb the sucrose thus made available, otherwise the super- 

saturation will increase until it passes the critical limit and false 

grain will begin to appear. 

then is, How fast will the 


Fig. 9 TEMPERATURE WIT 


this sucrose? It has been established by investigators that with 
high-purity solutions, this rate is very fast indeed, probably 
faster than it is possible to evaporate. What factors affect the 
rate of sucrose absorption by the crystals? ive 


It is known that this rate is directly proportional to the sum 
of the surfaces of the crystals. For any solid structure of definite 
formation, it is a fact that the weight varies with the cube of its 
dimensions and the surface with the square of its dimensions. 
For a given weight of sugar crystals, therefore, the sucrose-ab- 
sorbing surface will be indirectly proportional to their individual 
sizes, and this means that the smaller the crystals, the greater the 
rate at which they can absorb sucrose from a solution of a given 
concentration. In other words, the finer the grain formation, 
the faster the strike can be made without danger of bringing out 
false grain. False grain never is found in a fine granulated strike. 
If confectioner’s “A” is being made, however, the problem is 
entirely different. Since the crystals are very large, the sum of 
their surfaces is very small, and the operation is difficult because 
of the inability of these crystals to absorb the sucrose from the 
syrup as fast as evaporation makes it available, even at slow 
rates. In the ordinary pan, under these conditions, evaporation 
would have to be slowed down so much that it would kill the 
circulation and the crystals would drop out of suspension. The 
situation must be remedied by feeding water to evaporate into 
the pan to maintain circulation fast enough to keep the big 
crystals moving. This is paid for in terms of the steam required 
to evaporate this water. With the mechanical circulation pans, 
since the circulation is independent of the rate of evaporation, 
it is believed that it may be possible to reduce the amount of this 
boiling water, if not eliminate it altogether. 


Limits oF CrystaL GROWTH 


CONDITIONS AT THE BEGINNING OF A STRIKE 


An interesting phase of the same condition is the period at 
which grain is made in the pan, and the immediate subsequent 
operations. As has been said before, the problem consists in the 
making of a limited number of crystals and then causing them to 
increase in size and not in number. 

It is not within the scope of this discussion to cover the entire — 
technology of the making of strikes. It will suffice to state that | 
the first step is to concentrate the syrup to a point of excessively — 
high supersaturation, called the “graining point,’’ at which | 
crystals begin to form. This can be done in a number of ways, 
the simplest being to let the concentration proceed until small 
crystals begin to appear and to allow those to increase in number 
until a sufficient quantity is present. After this stage is reached, | 
of must be This is known 
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as “hardening the grain.’”’ Knowingly or not, this is accom- 
plished by lowering the supersaturation from its grain forming 
1.30-1.40 to 1.20 or less, at which new crystals will not form. 
Time must be allowed for the fine crystals to grow in size until 
they have sufficient surface to absorb sucrose as fast as it is re- 


leased by evaporation, without crowding the supersaturation to 


the point where new crystals will again form. 

At this point, mechanical circulation has been found to be 
valuable, for intense movement can be maintained without 
evaporation, and hence, the rapid growth of the infinitesimal 
crystals can be effected without additional concentration which 
might bring out new grain. It is a critical condition which 
requires very careful attention in the ordinary pan. As the size 
and, therefore, the sucrose-absorbing surface of these crystals, 
increases, the evaporation is speeded up correspondingly, until 
soon the danger is past, inasmuch as the possible rate of sucrose 
absorption is greater than the rate at which evaporation makes it 
available, and it is no longer possible to push the supersaturation 
to the point of spontaneous crystallization from the syrup. As 
the crystals increase in size, their sucrose-absorbing capacity 
becomes greater and greater, and all imminent danger has passed. 
This does not mean that it is not possible to bring out false 
grain by sudden temperature changes. This can always be 
done. 

The sum of the crystal surfaces at the end of the strike is 
many times greater than it is at earlier stages, and this is what 
makes possible the rapid final excessive concentration without 
danger of bringing out false grain. 

The reaction is a balance between the rate of evaporation 
and the speed of crystal growth, governed by the supersaturation, 
which adjusts itself to these two factors. yy wide 


Purity has a great influence on pan performance. If the 
purity is low, then it is necessary to change the film surrounding 
each crystal as fast as the available sucrose in this film is ab- 
sorbed, so as to permit new richer molasses to come in contact 
with the grain. It is because of this effect that low-purity strikes 
have to be made more slowly than high-purity strikes. Nature 
helps here, for low-purity syrups are of higher viscosity and the 
evaporation is slower with the same steam-temperature condi- 
tions. 


Purity 


MovEMENT 


Evidently, to effect rapid changes of the molasses film sur- 
rounding the crystal, motion and agitation are required, and are 
obtained by good circulation. This is another factor in opera- 
tions and probably the most important. With fast mechanical 


circulation, constantly maintained, irrespective of steam pressure, 
rate of evaporation, height of strike, purity of masse-cuite, or 
anything else, better results than before should be obtainable. 


NECESSARY PRECAUTIONS 


It would be incorrect to say that no precautions are necessary 
in the operation of mechanical-circulation pans. One in par- 
ticular should be mentioned. It was stated previously that at 
the latter stages of the strike these pans are about five times as 
fast as pans without mechanical circulation. It has been ob- 
served that at the very end of low-grade strikes, when the usual 
final concentration is given, a smear sometimes appears. This 
is due to the fact that the increase of supersaturation is too fast 
for the proper absorption by the sugar crystals. Another factor 
usually aggravates this condition. When the final concentra- 
tion is given, the rate of evaporation decreases due to the increased 
viscosity. If the pan has a fixed rate of injection on its individual 
condenser, and this injection is not reduced, the vacuum will 
rise perhaps one inch, which will reduce the temperature, thus 
increasing the supersaturation beyond normal. These two 
effects, namely, added concentration and simultaneous decrease 
of temperature, push the supersaturation beyond the critical 
limit, resulting in the smear. The remedy is obvious, and with 
a little intelligent attention, there should be no trouble from this 
source. 


CRYSTALLIZER ELIMINATION 


After the details of the mechanical-circulation pan had all 
been worked out, it developed that since the formation and 
growth of sugar crystals took place under radically altered condi- 
tions, it might be possible to do the work of the crystallizer in the 
new pan. 

Obviously, for proper exhaustion of molasses in the low-grade 
strikes after the normal work of the pan has been accomplished, 
certain basic reactions are necessary. The masse-cuite must be 
cooled gradually and uniformly at a rate no faster than the 
sugar crystals can absorb the sucrose made available by the de- 
creased solubility due to reduced temperature. The speed at 
which these crystals can absorb sucrose from the molasses in 
turn depends upon how fast and how thoroughly the exhausted 
film surrounding them is moved away, as mentioned previously, 
and that in turn depends upon the mechanical agitation of the 
masse, and the tenacity of the film, which is a function of its 
viscosity. It is known that the viscosity is greater as the tempera- 
ture is reduced, but this temperature reduction squeezes out su- 
crose from molasses, since its solubility curve is direct, and results 
without cooling cannot be hoped for. 

There are thus conflicting tendencies in the cooling of the masse- 
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- euite. One is to make more sucrose available for crystallization 
due to reduced solubility, and the other is to make it more 


difficult for the crystals to absorb the sucrose due to increased 
viscosity. A compromise point is necessary. In practise it is 
found that it does not pay to carry the cooling too far and many 
authorities agree that 100 to 110 F is about the economic limit. 

The task then is to cool the masse-cuite from its normal 
- temperature at the end of the strike down to 110 F, at the 
- same time building up the liberated sucrose upon the surfaces 
of the existing sugar crystals. Three ways of doing this are 
available. 

In the first place, cold water could be passed through the 
 ealandria of the pan with the circulator in motion. This is not 
very attractive, because it is impossible properly to distribute 

the cooling water throughout the calandria, and unequal cooling 

would result, too much at the water inlet and too little at the 
- outlet. If there is unequal cooling, trouble would result im- 
_ mediately because cooling increases the viscosity of the masse, 
_ and the tubes having cool masse-cuite would stagnate, while the 
_ circulation would move rapidly through the tubes having no 
- cooling. This, in turn, would bring about abrupt changes in 
local temperatures and inevitably false grain. This method has 
been tried with indifferent success and does not offer likely possi- 
bilities. 

The other method is to cool by raising a = vacuum on the 
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strike while being circulated, thus lowering the temperature by 
flashing. This, of course, would be perfectly uniform and 
gradual, and could be controlled by regulating the vacuum. The 
flashing involves evaporation and evaporation brings about in- 
creased concentration and, therefore, increased supersaturation. 
It is necessary to dilute the strike during this procedure both to 
avoid false grain and to keep down the horsepower required for 
the circulator drive. It has been found that there are too many 
adjustments involved and in the end the results wanted are not 
obtained. 

However, flashing may be used in another way. It is under- 
stood that there must be no temperature shock in this cooling, 
which is necessarily gradual at a rate commensurate with the 
ability of the crystals to absorb the liberated sucrose. The 
method is to fill the calandria with hot water at a temperature 
approximating that of the strike, which involves no shock. 
Then, raising vacuum in the calandria only, the point is reached 
at which this water begins to boil. The heat of the masse-cuite 
circulating on the inside of the tubes is transmitted into the 
water, and is thus dissipated gradually, uniformly, and without 
shock, at a rate which can be controlled, since it is possible to 
regulate the vacuum. A 6-in. pipe was installed in the calandria 
extending up on the inside within 4 in. of the upper tube sheet 
and this pipe was connected to an auxiliary condenser. In the 
space of four hours, the cooling of the strike can be completed, 
and the final molasses made about the same as would be obtained 
in three days in the crystallizers. 


REHEATING 


This operation was supplemented with one of reheating in 
the pan before dropping to the mixer. Water was dumped out 
of the calandria and steam was turned on at a vacuum of about 
18 in. The temperature rose in about a half hour to 125 F. 
The purging of the low grades at this temperature is much quicker 
and more thorough due to the reduced viscosity of the molasses. 
There is no redissolution of sucrose, since the concentration of 
the molasses is not lowered below saturation. One raw-sugar 
mill has used this method exclusively for the last three or four 
years. Fig. 10 shows the record taken from this operation and 
indicates all the temperature changes, as well as the gradual ex- 
haustion of the molasses.. The recording ammeter gives the cor- 
responding changes of viscosity brought about by these changes 


of temperature. 


Mechanical circulation, properly designed and properly ap- 
plied, is now an accomplished fact. Installations have been in 
operation long enough to establish the following possible per-— 


CoNcLusions 


formances 

(1) Thorough and uniform distribution of feed as it enters — 
the circulating masse, avoiding local dilution or segregation by 
differences of gravity. 

(2) Accurate control of operating densities made possible by 
the use of a recording ammeter giving the power required for 
the drive, and hence indicating the viscosity. 

(3) Adequate rapid movement of the masse at all times: 
depending only on controlled mechanical equipment. 

(4) Minimum local variations of temperature. 

(5) An effective and reliable method of cooling masse-cuite 
in the pans themselves, avoiding the necessity of crystallizers. 

(6) All the consequential improvements brought about by — 
these accomplishments. 
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Effort of Locomotives 


(Locomotive Ratios—II) 


A. I. LIPETZ,1 SCHENECTADY, N. Y. 


In a paper,? presented before the A.S.M.E., December, 
1932, the author developed constants for a new method of 
figuring horsepower and tractive effort of steam locomo- 
tives based on boiler evaporation and number of revolu- 
tions of the driving wheels for use in connection with 
modern locomotives. This method was verified on a 
number of locomotives, for which it gave accurate results 
in accordance with test data. 

In the present paper the author discusses the influence 
of the size of cylinders and shows that for locomotives 
with certain proportions between boiler and cylinder di- 
mensions modifications of previously recommended fac- 
tors are necessary. These modifications are verified for a 
number of locomotives with comparatively large cylinders. 
In conclusion he develops a convenient formula based on 
both boiler evaporation and cylinder dimensions, ap- 
plicable to all modern locomotives, whether of the long- 
or limited cut-off type (with small or large cylinders). 


INTRODUCTION AND RECAPITULATION 


N HIS paper presented at the Annual Meeting, New York, 

N. Y., Dec. 5-9, 1932, of The American Society of Mechani- 

cal Engineers, the author of the present paper suggested a 
method of evaluating horsepowers and tractive efforts of steam 
locomotives by means of certain moduli, which he designated 


1 Consulting Engineer, American Locomotive Company. Non- 
resident professor, Purdue University. Mem. A.S.M.E. Mr. 
Lipetz was educated at the Warsaw (Poland) Polytechnic Institute, 
from which he received the degree of Engineer Technologist (me- 
chanical engineer) of the first grade in 1902. In 1903 he entered 
railway service in Russia as an apprentice on the Moscow-Kiev- 
Voronesh Railway, later serving as fireman, locomotive driver, in- 
spector, and assistant master mechanic. From 1906 to 1909 he was 
assistant professor of thermodynamics and railway mechanical engi- 
neering at the Kiev Polytechnic Institute, also passing examinations 
preliminary to degree of Doctor of Engineering. For three years he 


held administrative positions on the Tashkent Railway, and for the 


three years following was chief of the locomotive department, Min- 
istry of Railways, Russia. From 1915 to 1920 he served the Russian 
Railways in the United States, first as representative of the Russian 
Ministry of Railways and then as assistant chief and, later, chief of 


_ the Russian Mission of Ways of Communications in the United States. 


Since 1920 he has been connected with the American Locomotive 
Company, first as European representative at Paris, and since 1925 
as consulting engineer at Schenectady, N. Y. Since 1927 he has 
also been non-resident professor of locomotive engineering at Purdue 
University. He was granted a number of early patents on Diesel 
locomotives and was the designer of the Russian Decapod locomotives 
of the war period. He is the author of many papers on steam and 
Diesel locomotives, and was the reporter for America on locomotives 
of new types at the International Railway Congress held at Madrid, 
Spain, in 1930. 

2? A.S.M.E. Trans., vol. 55, 1933, paper RR-55-2. 

Contributed by the Railroad Division and presented at the An- 
nual Meeting, New York, N. Y., December 3 to 7, 1934, of Tus 
AMERICAN Socitety or MECHANICAL ENGINEERS. 

Discussion of this paper should be addressed to the Secretary, 
A.S.M.E., 29 West 39th Street, New York, N. Y., and will be ac- 
cepted until February 11, 1935, for publication in a later issue of 
Transactions. 

Nortg: Statemenis and opinions advanced in papers are to be un- 
derstood as individual expressions of their authors, and not those 
of the Society. 


as the method of 1932. 
tractive effort 7; the following formula be used: 


It was recommended that for indicated 


E. = the Cole boiler evaporation determined by the Ameri- 
can Locomotive Company’s Handbook, Edition of 1917, p. 59, 
with additions as given in Tables 8 and 9 of the 1932 paper 


D = thediameter of driving wheels, in inches 
M: = a modulus, the values of which can be taken from a 
table given in the paper and reproduced here (Table 1). 
TABLE 1 
Revolutions per minute (n)......... 50 100 150 200 250 


Locomotives with feedwater heaters: 


Modulus Mp X 1000............. 26.0 43.1 52.0 54.0 651.0 

65.6 54.4 43.7 34.1 25.7 
Locomotives without feedwater heaters: 

Modulus Mp X 1000............. 24.3 40.3 48.6 50.5 47.7 

61.3 50.8 40.8 31.8 24.0 


For horsepower P; a corresponding formula was proposed, 
namely 


with modulus M>,, also given in a table of the paper. (See 
Table 1.) The latter formula was necessarily dependent upon 
formula [1] in accordance with the known relation 


which meant that moduli M; and My, were interconnected by a 
formula 


Mp = Mi n/126,050................- [4] 
in which 


n = the number of revolutions per minute 
S = the train speed of the locomotive in miles per hour. > 


In the present paper only tractive efforts will be considered 
for the reason that horsepowers can always be figured on the 
basis of formula [3], if tractive efforts are known, or on the 
basis of formulas [2] and [4].* 

The discussion which followed the presentation and publica- 
tion of the paper was, on the one hand, gratifying in that it 
showed the interest of railroad engineers in the subject, and, 
on the other hand, was interesting from the point of view of the 
practicability of the recommended method. A number of dis- 
cussers agreed that the new method was practical and was giving 
reliable results, although some thought that it was losing the 
simplicity of the Cole method. 

Especially interesting was the contribution made by H. S. 
Vincent, which was to the effect that an algebraic formula, repre- 
senting a modification of the formula previously suggested by 
W. F. Kiesel, would give more accurate results in application to 
certain types of locomotives which the author did not consider 


3 For speeds n not given in Table 1, moduli M; and M, can be 
figured on the basis of formulas [14] and [15], and Figs. 3 and 5, of 
the 1932 paper. ri 
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in his paper for the reason that he had no information on these 
locomotives. * 

In analyzing this question the author found that the fact 
that the 1932 method had given such good coincidence in a great 
number of cases, while in some enumerated by Mr. Vincent, it 
did not, was due to two reasons: First, to the fact that in the 
latter cases, when comparisons between locomotives were made, 
the rates of the utilization of the boiler, commonly known as 
“boiler forcing,’ and the locomotive efficiencies were different 
from what they were supposed to be according to the 1932 
method; and second, to the difference in the ratios between 
boiler and cylinder dimensions. It turned out that the modern 
locomotives for which data were available and which the author 
took as a basis for his theory all had a rather high ratio of heating 
surface in square feet to the total volume of all simple-expansion 
cylinders in cubic feet, varying from 240 to 280, while the loco- 
motives analyzed by Mr. Vincent had comparatively large 
cylinders (some of the locomotives being of the so-called “limited 
cut-off type’) and low ratios of heating surface to cylinder 
volume, which fluctuated between 170 and 220. Therefore, the 
author found it necessary to consider a new variable—that of the 
cylinder volume—if all types of locomotives are to be covered 
by one method for figuring tractive effort. 

The influence of these two causes will be discussed in the 
present paper, the necessary conclusions will be drawn, and new 
recommendations, designated as those of 1934, made. In the 
1932 paper the soundness of the method was verified by applying 
it to six modern locomotives for which test data were available. 
The locomotives were the following: 


New York Central, 4-6-4 (Class J-1a) 
York Central, 4-8-2 (Class L-2) 
Lehigh Valley, 4-8-4 (Class 5100) 7 
Lehigh Valley, 4-8-4 (Class 5200) 
imken locomotive, 4-8-4 (No. 1111) 
Boston & Albany, 2-8-4 (Class A-1) 


The curves according to the method, in comparison with the 
test curves, called performance curves, were shown on pages 14, 
15, and 34 of the paper and printed discussions.2 The curves 
were plotted on the basis of data obtained from road tests, which, 
in the opinion of the author, better represent every-day locomo- 
tive performance. It will be shown in this paper that the new 
(1934) recommendations do not alter materially the 1932 curves 
and do not disturb the agreement between them and the per- 
formance-test curves. On the other hand, all the large-size- 
cylinder locomotives, reviewed by Mr. Vincent in his discussion 
of the author’s 1932 paper, as well as in his subsequent article in 
the Railway Mechanical Engineer, will be examined in the present 
paper together with other locomotives on which data had become 
available lately. These locomotives are: 


Missouri Pacific, 2-8-2 (3-cylinder) 
‘Texas & Pacific, 2-10-4 (Class I-1) 
Texas & Pacific, 2-10-2 (Class G-1b) 
Atchison, Topeka & Santa Fe, 2-10-4 (No. 5000) ts 
Pennsylvania R.R., 2-10-0 (Class I-1s) na 
_ German State Railways, 4-6-2 (No. 01021) 
_ German State Railways, 2-8-0 (No. 562131) 
German State Railways, 2-10-0 (No. 43001) 


It was also shown in the 1932 paper that it is practically im- 
possible to offer a theoretical formula for the tractive effort 
of a locomotive based on scientific premises. Even if a theory 


4 Subsequently, Mr. Vincent published an article in the November 
and December, 1933, issues of the Railway Mechanical Engineer, 
pp. 390 and 429, in which further examples of the application of his 
formula were given. 
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holding the load and speed constant on an undulated profile. 
this country no special methods are in use, except only that in- 
accuracies introduced by acceleration and grade resistance are 
- taken into account and proper corrections are made. Further- 


could embrace satisfactorily all relations between various phe- 
nomena that take place in a locomotive, the formula would have 
to be adjusted afterward on the basis of test data; in other 
words, the formula must necessarily be empirical. The author, 
in his previous paper, pointed out the reasons for an empirical 
method based on boiler evaporation, rather than cylinder dimen- 
sions. The modifications which are offered in this paper still 
have the underlying basis of boiler evaporation as the source of 
locomotive power. However, it will be shown that, if desired, 
an empirical formula for the locomotive tractive effort can be 
devised, which, although not quite accurate, may be useful for 
practical purposes and satisfy the tastes of engineers who prefer 
formulas to charts. 


RoaD AND STATIONARY LOCOMOTIVE TESTS 


It was brought out during the discussions of the 1932 paper 
and in the author’s closure that the performance tractive effort 
according to the suggested method should not be considered as the 
maximum possible tractive effort. When the locomotive is in 
perfect condition and is tested under constant conditions of 
work—cut-off, speed, load—the test will show higher figures than 
when the regular road locomotive is tested with a commercial 
train on an undulated profile and at variable conditions of work. 
This is especially true for this country, where locomotives are 
tested with regular revenue trains, although it is not true that 
under no conditions can road tests yield accurate data. In 
other countries methods have been worked out with the object of 
In 


more, in some cases, a more or less uniform profile is chosen, 
at least for a considerable portion of the test run, and observa- 
tions at intervals as short as possible are usually made. 

Especially, the American methods of testing locomotives can- 
not be used for figuring water consumption per unit of work, or 
locomotive efficiencies, because the figures which are obtained 
for water or coal consumption are known only for the whole run 
and necessarily must be of an average character. However, 
in so far as the average tractive efforts and speeds during the 
short intervals referred to are concerned, the American road 
methods are fairly accurate, if the necessary corrections for grade 
and acceleration are made, although necessarily they are lower 
than the stationary-plant test data. The average tractive efforts 
and speeds obtained during these short intervals, ordinarily of 
five-minute duration, form the basis of the performance tractive- 
effort curve. 

In stationary tests, on the other hand, higher figures are being 
obtained for the reason that the tests are made under constant 
load and speed conditions and under the supervision of skilful 


abil engineers specially trained for testing locomotives at a sta- 
_ tionary plant. The limit of power can, under these conditions, 


be easily reached, which is not always possible to get from the 
average crew under every-day operating conditions in regular 
road service. Therefore, it is natural that stationary tests will 


mn emion _ show higher figures than road performance tests. They will ap- 
proach the so-called capacity test figures, which are usually 


about 20 to 25 per cent higher than performance figures, as 
can be seen from Figs. 10 and 11, pages 14 and 34, of the 1932 
paper.? Consequently, when locomotives are compared, either 
one method of testing (stationary plant), or the other method 
(road tests), should be used. When data from both stationary 
and road tests are compared and conclusions are drawn, only 
confusion can result. 

A very good illustration of the difference between the tractive- 
effort curve according to the 1932 method and the corresponding 
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test curve is offered by the Pennsylvania Railroad 4-8-4 locomo- 
tive, Class M. The first engine of this class built (No. 4700), 
had two 27 by 30-in. cylinders, 72-in. driving wheels, 250-lb 
working pressure, a boiler with 114 2'/,-in. tubes and 200 31/,-in. 
flues, type E superheater, and a feedwater heater. The evapora- 
tive heating surface of the locomotive (water side) was 4904 
sq ft. The locomotive was thoroughly tested at the Altoona 
testing plant in 1924 and the tests were not all that the railroad 
desired. The boiler was redesigned and the number of tubes 
was changed; 120 2'/,-in. tubes and 170 3'/,-in. flues were ap- 
plied, the steam space was raised, and the total evaporative 
heating surface (water side) was reduced to 4696 sq ft. The 
machinery remained substantially the same. It became known 
as the M-l class. <A locomotive of this class, No. 6872, was tested 
at the Altoona stationary plant in 1929. The highest tractive 
effort figures obtained at these tests are shown in Fig. 1 by dots, 
with corresponding test numbers.’ The test dots are con- 
nected in one continuous line marked A. The 1932 curve is 
also drawn in Fig. 1. 

The discrepancy between these two curves is very pronounced: 
At low speeds it amounts to 21 per cent; at high speeds to 36 
per cent. However, it would not be fair to compare these two 
curves and to blame the 1932 method, because the two curves 
are of different character. The 1932 curve is the performance 
curve which would be safe to expect in ordinary road service of 
this locomotive, while the Altoona curve is the maximum test 
curve which can be obtained when the locomotive is working at 
its limit of capacity, under the best possible test conditions and 
under the supervision of specially trained skilled experimenters. 
The main difference between these two curves will be clearer 
if the efficiencies are considered. 

The 1932 curves were based on the performance data of the 
New York Central J-1 and L-2 locomotives and on similar data 
of other locomotives, already enumerated. Under the more or 
less constant conditions of work the New York Central test re- 
ports showed fuel consumptions which correspond to an overall 
thermal efficiency of about 6 per cent. This represents a normal 
locomotive utilization when the power is not pushed to the limit. 
The high points obtained during stationary tests indicate different 
conditions. The overall thermal efficiencies of the M-1 locomo- 
tive from the Altoona tests are shown in Fig. 1 for every test 
separately. They are also repeated in Table 2, which shows that 
the average overall efficiency of the locomotive, when worked 
at the highest tractive-effort curve, is only 4.16 per cent. This 
figure is underlined in Fig. 1. The corresponding boiler ef- 
ficiencies, when the locomotive is worked very hard and the 
boiler is forced, are also given in Table 2. 


TABLE 2 EFFICIENCIES, LOCOMOTIVE M-1, NO. 6872 


Overall efficiency, Boiler efficiency, 


Test No. per cent a per cent 

161-A 52.5 = 

181-: 4.2 51. 

157-A 3.7 

* 8. 

178-A 4.8 50.7 

Average 4.16 49.0 


In order to verify whether the 1932 curve corresponds to a 
higher efficiency, all the remaining tests, outside of the high- 
point tests of the locomotive, were analyzed. Tests with trac- 
tive efforts of values close to those represented by the 1932 curve 
gave efficiencies from 4.7 to 6.1 per cent. In Fig. 1 the averages 


‘ The test report on locomotive M-1 has not yet been made public, 
and the data given in this paper became available through the 
courtesy of W. F. Kiesel, mechanical engineer of The Pennsylvania 
Railroad. They are published here by his special permission, for 
which the author is grateful. 
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of all tractive efforts, except the highest, for every speed used 
at the tests, are represented by dots in circles. The underlined 
figures at these points represent the averages of overall efficiencies 
in per cent for these tests (i.e., all tests at a certain speed except 
that with the highest tractive effort). It can be seen that these 
averages vary from 4.5 to 5.8 per cent. The 1932 curve corre- 
sponds probably to a 5.5 per cent efficiency, as compared with the 
4.16 per cent efficiency of the test curve. This accounts for the 
difference between the curves. 

Fig. 2 illustrates conditions of the well-known 2-10-0 locomotive 
No. 4358 of the Pennsylvania Railroad (Class I-1s), which is 
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tached to it by Mr. Vincent in his discussion. All data have 
TABLE 3 LOCOMOTIVE I-ls, NO. 4358 


P- interesting in view of the importance which was at- 


4 Overall efficiency, Boiler efficiency, 
Test No. per cent per cent 7 
4.7 


<= 


to 


been taken from P.R.R. Bulletin No. 32, which gives complete in- 
formation on the Altoona tests of this locomotive. Similar to 
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Fig. 1, the highest points have been connected by a continuous 
dotted line A. The numbers on the chart at the various points 
represent the test numbers. The average overall efficiency of 
the locomotive is only 4.29 per cent. The individual test 
values of overall efficiency and boiler efficiency were given in the 
author’s closure to his 1932 paper? (Table 19, p. 36). They are 
repeated here in Table 3. 

It is interesting to note how close the averages of overall and 
boiler efficiencies of locomotives M-1 and I-ls (Tables 2 and 3) 
are. Both locomotives were tested at Altoona at an interval of 
about fifteen years. 

On the same chart the 1932 curve is shown. 
4 marked by dots in cireles represent, 


The points 
as in the previous case, the 
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average tractive efforts of all tests, except the highest, at a cer- 
tain speed, recorded at the Altoona tests. The underlined 
figures are the average efficiencies of all the tests represented 
by the corresponding tractive-effort point. It can be seen 
that these efficiencies vary from 6.20 to 7.20 per cent, as com- 
pared with 4.29 per cent for the maximum tractive-effort curve. 

In order to make the charts complete, the Vincent curves are 
also plotted. 

In addition to the two main reasons, namely, the extreme 
foreing of the boiler to its limit, and the advantages of stationary 
tests, the differences between road and stationary plant tractive 
efforts are also sometimes due to the difference in locomotive 
design in general, and in the drafting arrangements in particular, 
but the two reasons cited are the most important and can ex- 
_ plain the disagreements which are found between tractive-effort 
curves when a comparison of curves of different nature is made. 

This does not mean, however, that high tractive efforts with 
forcing of the boiler and low efficiencies cannot be obtained 
during road tests and even regular road performance. If the 
necessity arises, the engineer will be able to force his boiler to 
the limit and get high tractive efforts. In other words, in 
many cases points between the 1932 curve and a curve lying 
from 25 to 35 per cent higher can be obtained if needed, and any 
curve lying between these two curves may in these cases repre- 
sent a tractive-effort curve of the locomotive. However, it 
would not be wise to figure the performance of a locomotive on the 
basis of such a curve, just as the rated horsepower of a stationary 
steam engine or Diesel engine is never considered to be the pos- 
sible overload capacity. For comparing locomotives it is, there- 
fore, more advisable to accept as a basis a performance curve 
corresponding to about 6 per cent overall efficiency, rather than a 
curve with points of 4 per cent efficiency and less. 

These considerations are forcibly brought out in the question 
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of tractive efforts at very low speeds. On Fig. 3 a tractive- 
effort chart of a modern locomotive with sufficient boiler capacity 
is shown. As an illustration, the Lehigh Valley locomotive No. 
5100 has been taken, and the 1932 curve the performance curve 
found from road tests, and the Cole curve have been plotted. 
The chart is identical with Figs. 14 and 14-A of the author’s 
previous paper. It can be seen that for this locomotive all 
three curves intersect the rated-tractive-effort (horizontal) 
line at a rotative speed of 50 rpm, or a piston speed of 250 ft per 
min, or a track speed of about 10 mph. The Cole curve inter- 
sects the rated tractive effort at a piston speed of exactly 250 
ft per min because the construction of this curve insures that. 
In other charts, which were shown in the author’s 1932 paper, 
the intersections of these curves were approximately the same, 
although in some cases they were slightly switched to the left or to 
the right. 

It is the opinion of the author that a locomotive has sufficient 
boiler capacity if the 1932 tractive-effort curve, plotted on the 
basis of boiler evaporation E., intersects the horizontal rated- 
tractive-effort line at 50 rpm, and that, if the intersection lies at a 
lower speed, the boiler has insufficient capacity. The author 
would suggest calling a boiler assuring such an intersection, a 
100-per cent boiler. Later he will indicate how to figure a boiler 
percentage in cases where the intersection is not exactly as just 
stipulated. 

In locomotives with insufficient boilers, the 1932 point at 
50 rpm lies below the rated tractive effort, as it can be seen on 
Figs. 1 and 2, illustrating locomotives with large cylinders. 
The Pennsylvania I-1s locomotive is the best example of such a 
case, because the ratio of boiler heating surface to cylinder 
volume is 176.4, compared with 240-280, as in many modern 
locomotives (in the Lehigh Valley locomotive No. 5100, referred 
to above as having a 100-per cent boiler, this ratio is 272.7). 
These figures are given here only as an illustration, because the 
proper relation between boiler capacity and cylinder volume 
will be discussed later in a more detailed way. 

When a locomotive of this large-size-cylinder type starts 
out with a train at very low speeds, with the maximum cylinder 
tractive effort, which ordinarily is very close to the rated and 
to the adhesion tractive effort, as it has been pointed out by the 
author in his 1932 paper? (p. 6), there is sufficient steam in the 
boiler to develop these speeds, even in a locomotive with a com- 
paratively small boiler capacity. More steam at !ow boiler 
efficiency will be generated, and consequently, there will be no 
difficulty in following the horizontal line up to 50 rpm. As 
soon as the speed goes up to more than 50 rpm, the tractive- 
effort curve, of course, will not drop suddenly to that which is 
called for by the 6-per cent efficiency curve (1932 curve), but the 
engineer, having enough steam available, will continue realizing 
the highest possible tractive efforts by following closely to what 
the locomotive had been developing before the speed of 50 rpm 
was reached. Consequently, higher points than what the 1932 
curve would indicate, will be developed, as it has been pointed 
out by the author in his discussion of the previous paper? in 
connection with Fig. 28, p. 36. In order to obtain these points, 
the boiler will necessarily be stressed, and if these points are at 
all possible, they will be obtained in reality. This will depend 
entirely upon the size of the cylinders, which are responsible 
for the rated-tractive-effort curve obtained at starting and, 
consequently, lower overall locomotive efficiencies will be realized, 
corresponding to the maximum limit of forcing the boiler. 

Following this line of reasoning, it is evident that for locomo- 
tives with the small ratio of boiler capacity to cylinder sizes, a 
certain heightening of the 1932 curve will have to be allowed in 
order to make possible the mene of the 1932 curve with the 
rated-tractive-effort curve. 
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One of the most important proportions in a locomotive is the 
ratio between boiler dimensions and cylinder volume. This 
was recognized long ago, and in 1897 the American Railroad 
Master Mechanics’ Association recommended that for bituminous 
coal the ratio of the evaporative heating surface in square feet to 
the volume of two cylinders in cubic feet be 200.6 With the ad- 
vent of superheated steam, the size of cylinders has necessarily in- 
creased. At the same time, boilers became more powerful in re- 
lation to cylinders, so that at present the ratio in modern loco- 
motives, as has been stated, sometimes reaches 280. 

On the other hand, about fifteen years ago the idea of large 
cylinders and shorter cut-offs attracted some railroad engineers 
in this country to the extent that, as we saw in the I-1s locomo- 
tive, this ratio went back to 176.4. 

Mr. Cole introduced the term “boiler percentage,” which rep- 
resents a ratio of boiler capacity measured in horsepower to 
cylinder horsepower, the first being equal to boiler evaporation 
per hour divided by steam consumption of 28.0 lb per hp-hr for 
saturated steam, and 20.8 lb for superheated steam, and the sec- 
ond representing the cylinder horsepower according to his method 
figured at a piston speed of 1000 ft per min, at which speed the 
maximum Cole horsepower is obtained. 

It is very difficult to defend this conception of boiler percentage 
for the reason that neither one nor the other horsepower repre- 
sents correct figures. The steam consumption of 20.8 lb per hp- 
hr is too high for modern locomotives with superheated steam and 
feedwater heaters; but more important than this is the fact 
that the cylinder horsepower, apart from the boiler evaporation, 
is a very indefinite term. If, at the speed of 1000 ft per min, 
corresponding approximately to 200 rpm, or, with 70-in. driving 
wheels, to a track speed of 41.7 mph, the horsepower reaches a 
certain figure, corresponding to a cut-off of, say, 25 per cent, 
there is no reason why the cut-off cannot be increased within 
certain limits, provided the boiler evaporation permits; in other 
words, the term “cylinder horsepower,” apart from the boiler 
horsepower, is a misconception. The former depends upon 
the latter and, therefore, an independent ratio between the two 
cannot be obtained. 

In the author’s opinion, it would be more logical to compare 
cylinder and boiler tractive efforts at a speed at which both 
terms have definite meanings, and his recommendation would 
be to make that comparison at a speed close to the point where 
the maximum cylinder, or rated, tractive effort intersects the 
boiler tractive effort, as defined in his first paper. 

The point of intersection of these two curves will depend upon 
boiler capacity, as it was sliown in Fig. 1 of the author’s 1932 
paper, reproduced here as Fig. 4. At a certain point A on the 
maximum cylinder-tractive-effort curve, corresponding to, say, 
85 per cent cut-off, the latter wili have to be reduced from the 
maximum to, say, 81 per cent, on account of the limitation of 
boiler capacity. The tractive effort will follow the line AB and 
point A will be the above referred to intersection point. Point A’ 
is a similar point in case the boiler evaporation is greater. The 
tractive effort will then follow line A’B’. In the first case, speed 
S, will be attained at the maximum cylinder tractive effort, while 
in the second case a greater speed, corresponding to point A’, 
can be reached. 

The upper part of the maximum cylinder tractive effort is 
very close to the rated tractive effort, and instead of the maxi- 
mum cylinder tractive effort, the rated tractive effort can be con- 
sidered. It is evident that, depending upon the size of the 
boiler, the maximum speed at the rated tractive effort will vary. 

Thus, a much better conception of the ratio between cylinder 
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* Railway Mechanical Engineer, November, 1933, p. 390. : 
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and boiler power will be obtained, if we should agree that the 
intersection of the rated and boiler tractive efforts should be at 
a certain speed, either constant or varying, depending upon the 
service of the locomotive. At present, in view of the fact that 
many road freight locomotives are being designed for high speeds 
with drivers approaching the sizes of driving wheels of passenger 
locomotives, the author suggests making this speed equal to 
50 rpm, which, with drivers of 69 in., represents a track speed 
of 10.4 mph, while with drivers of 80-in., this corresponds to a 
track speed of 12.1 mph. In view of this, the author suggests to 
measure the proper relation between boiler and cylinder di- 
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mensions by the ratio of the 1932 boiler-tractive-effort value at 
the speed of 50 rpm to the rated-tractive-effort value, calling it 
boiler adequacy, in contradistinction to Cole’s boiler percentage. 

The rated tractive effort for locomotives with two simple ex- 
pansion cylinders is represented by the known formula 


Tr = aps D 


in which 
T, = rated tractive effort, lb 
Pp, = boiler pressure, lb per sq in. 


s = piston stroke, in. 
D = diameter of driving wheels, in. 
a = mean indicated pressure ratio. 


If there are N simple expansion cylinders (3, 4), the formula 
will be 


Designating boiler adequacy by a», indicated tractive effort and 
modulus at 50 rpm by Tis and Mi, respectively, we have, in 
view of formula [1], the following relation: 


Tio Mink. 
T+ aped*s N/2 


Diameter d and stroke s are expressed in inches. It is evident 
that volume V of N cylinders in cubic feet is ae 

d?s N 

4 X 1728 1100.7 2 as 
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E. 
Introducing a new locomotive constant K = ——, we can say 


Vp.’ 
that 
7 


For modern locomotives with feedwater heaters, Mis = 65.6, 
while for locomotives without feedwater heaters, Mis = 61.3. 
' Thus, for locomotives with feedwater heaters 


[Sa] 
and for locomotives without feedwater heaters 


If a boiler adequacy of 1.0 is desired, K, for locomotives with 
feedwater heaters, must be 


[9a] 
and for locomotives without feedwater heaters 
[9b] 


Thus, K turns out to be a very important locomotive constant, 
on which the correct proportion between boiler and cylinder 
dimensions depends. We shall call it hereafter “locomotive char- 
acteristic.” It isdetermined by 


[10] 
In a well-proportioned locomotive with a2 = 1, K depends 
only upon the maximum mean indicated pressure ratio a For 


long cut-off locomotives with amax = 0.85, K will thus be 14.26. 
For locomotives with shorter cut-offs, K will be slightly smaller 
in proportion to a. 
It should not be thought, however, that K must be an abso- 
lutely rigid figure. The variation in this figure means, as it was 
shown above, a variation in the highest speed at which the loco- 
motive can run with its maximum cylinder tractive effort (close to 
its adhesion limit). For passenger locomotives, this ratio should 
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be higher (more boiler capacity), while for freight locomotives 
this ratio may be slightly lower. For what are called at present 
high-speed freight engines, this ratio should be about 14.26. 

It is interesting to note that the very successful modern long 
cut-off locomotives have the following characteristics K: 


New York Central, 4-6-4 (Class J-la)................ 15.28 
New York Central, 4-8-2 (Class L-2)................. 13.25 
Lehigh Valley, 4-8-4 (Class 14.2 
Lehigh Valley, 4-8-4 (Class 5200).................... 14.3 


For the Boston & Albany 2-8-4 (class A-1) locomotive with a 
maximum cut-off of 60 per cent, for which amax = 0.78, K = 
12.27, which is not so far off from the ideal K, in accordance 
with formula [9a], namely K = 0.78/0.0596 = 13.09. In other 
words, this locomotive, although of the limited cut-off type, with 
large cylinders, has not been greatly different from the conven- 
tional locomotive, and the cylinder sizes were very well chosen. 
This explains why in the author’s first paper the tractive effort of 
locomotive A-1 was shown to be in accordance with the 1932 
method, just like any long cut-off locomotive. 

As to other limited cut-off locomotives, the cylinders were 
not made in proportion to the boiler; they were further enlarged 
beyond the size required for the limited cut-off feature, although 
sometimes it is being stated that “when the maximum cut-off is 
shortened, the cylinder is correspondingly increased in diameter.’’’ 
Very often it is being increased much more than correspondingly 
and than necessary. So, for instance, the Texas & Pacific I-1 lo- 
comotive, with a maximum cut-off of 60 per cent, has a K of 
only 10.97. The Atchison, Topeka & Santa Fe No. 5000, with 
similar 60 per cent maximum cut-off, has a K of only 9.92, and 
the Pennsylvania I-1s locomotive, with a maximum cut-off of 
55 per cent, has a still smaller K, namely, 8.53. These Ks have 
been made much smaller than what the relatively small change 
in a@max would require, as it is reflected in the values of boiler 
adequacy. 

In Table 4 some principal dimensions and locomotive ratios 
are given for all locomotives which have been discussed in the 
author’s previous paper, in. Mr. Vincent’s article in the Railway 
Mechanical Engineer, November and December, 1933, and in the 
present paper. The locomotives are listed in descending order 
of K (in last column). From this table it can be seen that begin- 


7 Railway Mechanical Engineer, December, 1933, p. 432. 


TABLE 4 LOCOMOTIVE RATIOS 
_— 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
pres- Cole Max Boiler 
: Heating sure evapo- indi- Driving ade- Boiler Cyl 
Cyl. dimen. gurface, ps, ration Super- Feed- cated wheel @uacy, per- vol 

Diam Stroke He, \bper  Ec,lb heater water ratio, M:at diam ap = centage He Ke Ec 

no. Locomotive d,in. gs, in. sqft sqin. perhr type heater amax n= 50 D, in. Tr [Cole] cuft Vpo Vpd 
1 Penn. E-6s, No. 89 22 26 2688 205 39,570 A No 0.85 61.3 80 1.107 106.4 11.44 1.146 16.88 
2 N. Y. C., d-1 25 28 4484 225 54,662 E Yes 0.85 65.6 79 1.071 103.8 15.90 1.253 15.28 
3 Penn. K-28a No. 877 24 26 3659 205 42,063 A No 0.80 61.3 80 1.050 95.2 13.61 1.311 15.07 
4 Penn. E-6s No. 51 231/2 26 2877 205 40,030 A No 0.85 61.3 80 0.995 93.3 13.05 1.075 15.02 
5 Lehigh Val. No. 5200 26 32 5441 255 71,694 E Yes 0.85 65.6 70 1.003 111.2 19.66 1.085 14.30 
6 Lehigh Val. No. 5100 27 30 5422 250 70,530 E Yes 0.85 65.6 70 0.995 103.4 18.88 1.091 14.20 
7 Timken No. 1111 27 30 5111 250 67,370 E Yes 0.85 65.6 73 0.951 98.8 19.88 1.028 13.55 
8 Penn. K-4s 27 28 4035 205 51,110 A No 0.85 61.3 80 0.881 91.3 , 18.56 1.061 13.44 
9 N. Y. C. L-2 27 30 4449 225 59,514 E Yes 0.85 65.6 69 0.933 97.0 19.88 0.995 13.25 
10 Penn. No. 4700 27 30 4904 250 63,319 E No 0.84 61.3 72 0.845 92.9 19.88 0.987 12.74 
11 Penn. L-1s 27 30 4030 205 50,696 A No 0.85 61.3 62 0.816 90.6 19.88 0.989 12.44 
12 Penn. M-l and M-la 27 30 4696 250 61,551 E Yes 0.84 65.6 72 0.879 90.3 19.88 0.944 12.38 
13 B. & A. A-1 28 30 | 5110 240 62,958 EB Yes 0.78 65.6 63 0.938 89.4 21.40 0.995 12.27 
14 Mo. Pac. 3-cyl. 23 {32 3786 «200 «80,550 A No 0.84 61.3 63 0.758 85.1 22.03 0.859 11.43 

9a 

15 Union Pac.4-12-2 27 {37) 5853 220 78442 E Yes 0.85 65.6 67 0.795 87.2 31.48 0.846 11.33 
16 Tex. & Pac. I-1 29 32 5113 250 67,135 E Yes 0.78 65.6 63 0.839 70.1 24.46 0.836 10.97 
7 No. Pac. 2-8-8—4 26 32 7673 250 107,136 E Yes 0.81 65.6 63 0.802 84.7 39.33 0.780 10.90 
18 Tex. & Pac. G-1-B 28 32 3811 200 48,475 E Yes 0.85 65.6 63 0.746 82.5 22.81 0.835 10.63 
19 Pe & .F. No. 5000 30 34 6135 300 82,770 E Yes 0.78 65.6 69 0.753 82.0 27.82 0.735 9.92 
20 German No. 01021 25.59 25.98 2756 227 34,795 A Yes 0.83 65.6 78.6 0.712 62.6 15.47 0.785 9.91 
21 German No. 562131 24.8 25.98 1971 199 27,514 A Yes 0.83 65.6 55.13 0.684 60.1 14.52 0.682 9.52 

22 German No. 43001 28.35 25.98 2744 199 35,415 A Yes 0.83 65.6 55.13 0.674 59.2 18.98 0.726 9.38 
23 Penn. I-1s 30'/2 32 4774 250 57,680 E Yes 0.75 65.6 62 0.678 59.2 27.06 0.706 8.53 
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ning with the Pennsylvania E-6s locomotive, with a K of 16.88, 
down to the Pennsylvania I-1s locomotive, with K = 8.53, the 


‘tween extreme values 1.63—more than could be expected, even 
_ if the difference in the kind of service of the locomotives is taken 
_ into consideration. 

In addition to column 11 of Table 4, in which the boiler ade- 
quacy for each boiler is given, for comparative purposes Cole 
boiler percentages are also shown in column 12. Credit must 
be given to Mr. Cole for his conception of boiler percentage, 
which, although theoretically not quite correct, differs very little 
_ from the more accurate boiler adequacy, and has a close range 
variation with the latter—1.88 as compared with 1.63, as shown. 


- It is interesting to note that a constant very similar to K, in 


which the boiler evaporation in the numerator is replaced by 
H 
; the evaporative heating surface in square feet, namely, 5 = V ~, 
Po 


- may be also very useful for comparative purposes. It is given 
in column 14 of Table 4, and it can be seen that for the first 
thirteen locomotives, including the Pennsylvania M-1 and the 
Boston & Albany A-1, 6 = 0.995, or more, while for all others, 
including limited cut-off locomotives (except Nos. 14 and 15, 
which are of the three-cylinder type and necessarily have a large 
7 cylinder volume), 4 is less than 0.86. There is a gap in 6 of these 

7 : two groups, one having approximately 6 = 1.0 and more, while 

the other has § = 0.86 and less. When the boiler evaporation 
is not quite known, it might be advantageous for the first ap- 

; proximation to figure the cylinder volume V on the basis of evapo- 
rative heating surface, assuming 5 = 1.0, which is equivalent to 


. It should be later checked on the basis of K. 


TrRactTIvVE Errort oF LARGE-S1zE-CyYLINDER LOCOMOTIVES 


id It has been shown before that the 1932 method gives accurate 
7 results for certain locomotives of modern type. Here it has been 
pointed out that these locomotives are all of the large-boiler 
type, with locomotive characteristic K of about 12-16. It was 
also found that when a boiler adequacy of 1.0 is required, K 
_ should be 14.26 for locomotives with feedwater heaters. 
It was also brought out in the foregoing discussion that when a 
locomotive has comparatively large cylinders and a small char- 
acteristic K, the boiler at low speeds is usually overstressed. 
This can be done because, as it will be remembered from the 
1932 paper, the boiler evaporation was assumed to be, at low 
_ speeds, much below E.—the Cole evaporation figure; at 50 rpm 
it was only 65 per cent of the Cole figure. Many investigators 
claim that the boiler evaporation is more or less constant and 
: that its maximum, if there are any fluctuations, can be obtained 
almost at any speed. This is true, if forcing of the boiler and low 
boiler efficiencies are permitted; in other words, the fact that it is 
possible to force the boiler at low speeds above the 1932 values is 
evident on the basis of premises used for the 1932 method. 
There is not enough available information from tests to indicate 
_ the relation between the limit of forcing at low speeds and loco- 
motive characteristic K. The author has, therefore, followed 
the same method which he pursued in his 1932 paper, namely, he 
investigated the test results of existing locomotives and tried to 
find whether there were any simple and consistent relations be- 
tween the test data and the locomotive principal dimensions. 
He did find some, and he verified his findings on all locomotives 
for which information was available. Good coincidence was 
found; this permits the claim, with a sufficient degree of cer- 
tainty, that the findings are correct. 
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Fig. 5 embodies these findings; it shows three curves of per- 
centages y by which the 1932 tractive efforts at 50, 100, and 150 
rpm must be increased as a function of locomotive characteris- 
tic K. It was found that these curves at small K are very 


PERCENTAGE OF INCREASE OF M, (TRACTIVE EFFORT MODULUS) 


ciose to straight lines and that at larger K they curve down to 
zero at K = 14.26. It will be recalled that this is the ideal loco- 
motive characteristic K (a, = 1.0) of a long cut-off locomotive 
(amax = 0.85), with a feedwater heater, for which no modifica- 
tion is necessary. Nor is it necessary for locomotives with K 
larger than 14.26. 

The chart of Fig. 5 should be used as follows: 

From the cylinder dimensions K should be calculated in ac- 
cordance with formula [10]. If it is higher than 14.26, the 1932 
method should be used without any modifications. If K is 
less than 14.26, the 1932 values must be modified. The corre- 
sponding y should be found from Fig. 5 separately for 50, 100, and 
150 rpm. The previously found 1932 tractive-effort values for 
these speeds should be increased by the corresponding amounts of 
y; in other words, the new tractive-effort curves which we shall 
mark 7’;, in contradistinction to the previously found tractive 
efforts T;, are connected by the following formula: 


Figs. 6 to 12 show examples of tractive-effort curves of loco- 
motives for which the 1934 modifications are necessary. Some 
explanations for each case separately follow: 

Fig. 6 shows the Missouri Pacific 2-8-2 locomotive. Being a 
three-cylinder engine, it has a rather high V—volume of all 
simple expansion cylinders. Therefore, K is 11.43—below 14.26, 
and a correction is necessary for 50, 100, and 150 rpm. The 1932 
curve must be thus modified and raised, as shown on Fig. 6, 
to the curve marked 1934. From Fig. 5 it can be seen that 
for 50 rpm the tractive effort must be increased by 19.3 per cent, 
and the 1932 tractive effort, which is equal to 49,186 lb, must be 
multiplied by 1.193, giving T’s = 58,679 lb. 

Accordingly, the 100-rpm value has to be increased by 7.0 
per cent and the 150-rpm tractive effort by 2.25 per cent. 

The crosses shown on the chart are test values, as given in 
Mr. Vincent’s article in the Railway Mechanical Engineer.® 
They are all higher than the 1934 figure would indicate, but bear- 
§ December, 1933, p. 431, Fig. 12,0 
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ing in mind that these test figures have been obtained at the Al- 
toona testing plant, the discrepancy can be easily explained in 
the light of previous discussion. 

It has been argued by Mr. Vincent that the cylinder tractive 
effort at low speeds should be taken as an inclined line. In the 
author’s closure to his 1932 paper he admitted that this is in 
principle correct, if the highest mean-indicated-pressure ratios at 
low speeds, which ratios may go up to 0.93, are used; when the 
rated tractive-effort value of 0.85 and less is used, the horizontal 
line is more conservative, and sufficiently accurate. The rule 
which the author suggests now is to connect the tractive-effort 
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point at 50 rpm, either modified, or not, depending upon value of 
K, with a point corresponding to the rated tractive-effort value at 
zero speed, if the latter value is higher than the 1934 value for 50 
rpm. The following example will show a case when it is lower. 
In the Missouri Pacific locomotive, the former is 64,890 Ib, and 
we receive the inclined line 7,’, as desired by Mr. Vincent. 

Fig. 7 represents Texas & Pacific 2-10-4 I-1 engine, which has a 
60 per cent limited cut-off. As K is equal to only 10.97, similar 
modifications have to be made, in accordance with Fig. 5. The 
1934 curve is thus obtained. The Tis value in this case is 
69,852, and the 1934 7%’ value is 84,700 lb, which is higher than 
the rated tractive effort, 83,299 lb, with a mean indicated pres- 
sure ratio of 0.78. In this case the author suggests that a straight 
line should be drawn equal to the rated tractive effort 7; until it 


intersects the 1934 curve, although in principle he would not 
object to an inclined line, especially for a limited cut-off loco- 
motive. The 1934 curve 7;’, combined with 7',, will deter- 
mine the tractive-effort line of the locomotive. 

The crosses shown on the chart are test values, as given in 
Mr. Vincent’s article in the Railway Mechanical Engineer.® 
It can be seen that the coincidence of both 7; and 7’ curves with 
test data is very satisfactory and that there is no necessity for an 
inclined cylinder tractive effort and a transition line, as sug- 


gested by Mr. Vincent. 


Fig. 8 represents another Texas & Pacific locomotive, class 
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G-1b, with a still smaller K (10.63), although it is a full cut-off 
engine. Although this is not a limited cut-off locomotive, but 
due to the fact that K is low, only 10.63, even lower than in 
many limited cut-off engines, the modification must be made, 
and the 1932 curve has to be raised, with the assistance of Fig. 5, 
to that shown as 1934 on Fig. 8. T'iso (61,900 lb) is less than 7, 
(67,698) and, therefore, an inclined curve for cylinder tractive 
effort, for speeds between zero and J0 rpm, is drawn. 

The crosses again represent test data given by Mr. Vincent in 
his Railway Mechanical Engineer article.° It can be seen that 
these crosses agree very nicely with the inclined line for low 
speeds, as well as with the 7.’ curve. 

It is interesting to note that both Texas & Pacific locomotives 
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are oil-burners, and that no substantially increased powers had 
been obtained with oil compared with coal. 

Fig. 9 pertains to the Atchison, Topeka & Santa Fe limited cut- 
off, 2-10-4, locomotive No. 5000, for which K is 9.92. The modi- 
fied tractive effort is marked 1934, and the crosses, representing 
test values, are taken from Mr. Vincent’s article in the Railway 
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Mechanical Engineer.'' They lie higher than the 1934 curve, 
which, in the opinion of the author, is probably due to the i 
that the locomotive had been stressed to the capacity limit. — 
If all data, and especially the efficiencies of the locomotive for 
the high points, were given, this could be proved definitely. 

Figs. 10, 11, and 12 represent German two-cylinder locomotives 
of types and numbers as given in the figures. These engines are 
German standard locomotives, thoroughly tested at a constant 
evaporation of 57 kg of steam per hour and per square meter of 
inside heating surface, corresponding to 10.7 lb of steam per 
hour per square foot of outside heating surface, this compared 
with evaporations of 12 to 13 Ib on the basis of Cole figures, which 
were assumed for the 1932 and 1934 methods. The German tests 
were described by Professor Nordmann in the Organ fir die 
Fortschritte des Eisenbahnwesens, and the test curves are plotted 
on the basis of his curves. '* 

As the figures of Professor Nordmann’s article give the horse- 
powers and not the tractive efforts, the horsepower curves were 
shown in Figs. 10 to 12 of the present paper and the tractive ef- 
forts were calculated from the horsepowers. The 1934 tractive- 
effort and horsepower curves are also shown, and it can be seen 
that the agreement is very good. 

The efficiencies of the German locomotives at different speeds 
varied between 7 and 9 per cent,'* and this further confirms the 
author’s statement that the 1934 curves correspond to reason- 
able locomotive efficiencies—the Cole evaporations are higher 
than the German constant figure of 10.7 lb per hr per sq ft of 
heating surface, but not as high as in some Altoona tests, and, 
therefore, the efficiencies which correspond to the 1934 curves are 
somewhere between 9 and 4 per cent, probably 6 to 7. 

As to the last locomotive in Table 4, with the smallest K, the 
Pennsylvania 2-10-0 I-1s engine, the curves had been already 
shown in Fig. 2 and discussed.'4 

It has been stated before that locomotives with K more than 
14.26 do not require any modifications. This has been shown on 
Fig. 3 for Lehigh Valley locomotive No. 5100, with a K of 14.2 and 
can be verified on all long cut-off locomotives discussed in the 
author’s 1932 paper. For instance, in Fig. 13 the 1932 and per- 
formance curves for the New York Central 4-6-4 J-1 locomotive 
are reproduced from Figs. 11 and 11-A of the author’s 1932 paper. pots 
Likewise, Fig. 15 gives the 1932 and performance curves for ceri, 
Lehigh Valley locomotive No. 5200 reproduced from Figs. 14 and si 
14-A of the previous paper. For both locomotives K, as can be 
seen from Table 4, is higher than 14.26, and the 1932 and 1934 
curves coincide. 

Fig. 14 shows corresponding curves for the New York Central 
4-8-2 L-2 locomotive. This locomotive has a K of 13.25, and the 
modification required in accordance with Fig. 5 is very slight, 
as can be seen from Fig. 14. The performance curve on the 
latter figure does not differ much from the 1934 line, which has 
been heightened as compared with the 1932 line for speeds be- 
tween 50 and 200 rpm. 

The modifications and Fig. 5 referred to were derived by te 
studying the performance of locomotives with feedwater heaters. ae 
Nevertheless, they apply also to locomotives without feedwater ; cm 
heaters, because the increase in tractive effort at low speeds 
due to the sizes of cylinders does not depend upon whether the 


11 November, 1933, p. 392, Fig. 4. i - feed 

12 May 15, 1930, pp. 268-269.  ¥ : 

13 [bid., p. 266. 

14 Tt should be added that all curves of Fig. 2 have been calcu- 
lated on the basis of actual diameter of driving wheels of the loco- 7 
motive under test, 60.2 in. instead of nominal 62in. The curves 
are, therefore, comparable with test data. In Fig. 1, however, 
the calculated curves were figured on the basis of nominal diameter 
of drivers (72 in.), while actually they were 69.6 in. If corrected, 
the curves of locomotive M-1 would come closer to test figures. r = 
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locomotive has, or has not, a feedwater heater. The effect of 
the feedwater heater has been included already in the moduli of 
1932. 

Thus, for all locomotives which have been so far analyzed, 
covering a very great range of heating surfaces and cylinder 
sizes, the soundness of the 1932 moduli with the 1934 modifica- 
tions has been proved in practically all cases except only in 
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these cases of stationary-plant tests (Figs. 1, 2, and 6), where the 
test figures should be higher than the moduli would indicate, and 
in one case of a road test (Fig. 9), where complete information 
is lacking. 

FoRMULAS FOR 1932 aND 1934 Curves 


A careful reader of the author’s 1932 paper has undoubtedly 
discovered that the 1932 tractive-effort curves are very close to 
straight lines. This can be also verified by looking at the 
charts in the present paper. It is due to the fact that the author’s 
moduli given in Table 1 follow the straight-line law in relation 
to speed. The values of M: for locomotives with feedwater 
heaters can be expressed very accurately by the following formula, 
with an error of not over 2.4 per cent: 


M: = 73.85 — 0.195n 


= and without feedwater heaters by ee 
= 69.09 — 0.182n 


a 
= (73.85 — 0.195n) (1 + y) 
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Formula [13a] can be replaced by an approximate formula in 
round figures 


M: = 75 — n/5 


Thus, the tractive-effort formula for locomotives with feed- 
water heaters will be 


E. 
Ti = D (73.85 — 0.195n) 


or approximately ear 


E 


The percentages of modification are given in Fig. 5 by three 
lines, each consisting of a straight line and curve. As it can be 
seen from Fig. 5, the modifications can be approximately repre- 
sented by straight lines intersecting the horizontal axis at K = 
15. This has been shown in the figure by a dotted line in rela- 
tion to the modification for n = 50. Similar straight lines could 
be drawn for the other two modification curves. On the basis of 
this approximation, the modification in per cent can be repre- 


sented by formula 


in which K is the known locomotive characteristic 
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The modified tractive effort 7;” will thus be 


By the use of formulas [10], [15], and [16], the modified trac- 
tive effort can be calculated instead of being plotted by moduli 
and charts. 

On the figures referred to representing charts for various 
locomotives, namely, Figs. 1-3 and 6-15, the points correspond- 
ing to formula [14’] have been marked by squares with dots in 
the center. It can be seen that they do not differ much from the 
performance curves and can be used with an accuracy sufficient 
for practical purposes. For instance, for the I-ls locomotive 
(Fig. 2), the discrepancy does not exceed 2.54 per cent if form- 
ula [14] is used, and +2.8 per cent if instead formula [14’] is 
preferred. In Table 5 a complete calculation by using moduli 
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and charts, and by using formula [14], is given for another 
locomotive, the Pennsylvania M-1l. The error is not over 2.88 
percent. The results for other locomotives are similar. 


TABLE 5 


(Pennsylvania M-1) 
(Ec = 61551; D = 72in.; K = 12.38; E-/D = 854.875) 


n 50 100 150 200 250 
Mp X 1000 SEER cee 65.6 54.4 43.7 34.1 25.7 
": (y from Fig. 5).. .... 63820 48670 37940 29150 21970 
y (irom (15) 0.1310 0.0459 0.0140 0 0 


61980 48590 38660 29790 21460 
between \ values 

of Ti’ and 7;”... “23.88 —0.16 +190 +2.20 —2.32 

Nevertheless, in the author’s opinion, the above formulas, 
which have been derived here simply for the sake of complete- 
ness, should not be used when the moduli and charts are avail- 
able, as the latter give more accurate results, but the formulas 
may be of use in a great many cases. 

In using formulas [15] and [16] it should be remembered that 
no modification is required for locomotives with K = 14.26 and 
larger, although in these cases a small y may seem to be neces- 
sary on the basis of formula [15]. Neither should y be taken as 
negative for the few locomotives that may have K more than 15. 
It should also be remembered that y = 0 for 200 and 250 rpm. 

The 1932 moduli have been so far worked out for speeds be- 
tween 50 and 250 rpm and intervals of 50 rpm, and the modifica- 
tions were given for speeds between 50 and 150 rpm, and the 
same intervals. If these values for intermediate speeds with 
shorter intervals are desired, they can be easily worked out by 
plotting curves as functions of speed. in this connection see also 
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footnote 3 and Eq. 4.) The formulas may have an advantage in 
that they give values for any speed. 


CoNCLUSION 
The 1932 moduli are applicable to, and do not require any 
changes for, modern locomotives for which K = 14.26 and more, 
both for locomotives with and without feedwater heaters. For 
modern locomotives with K less than 14.26, modifications as stated 


above must be used for speeds between 50 and 150 rpm. The © 


term “modern locomotive” is understood as defining a well- 


proportioned locomotive with a sufficiently large superheater, 


insuring at least 250 F superheat, proper valve motion, and the | 


standard drafting arrangement, properly proportioned. 


For some locomotives where forcing beyond what is considered 


reasonable limits of efficiency for performance is possible, from 
10 to 15 per cent, or even higher tractive efforts, especially at 
higher speeds, are feasible. This depends upon the design of the 
locomotive as a whole, especially on such factors as the presence 
of combustion chamber, the depth and volume of firebox, the 
ratio between heating surface of firebox, tubes, and superheater, 
length of tubes and flues in relation to their diameter, steam 
distribution valves, and last but not least, the drafting arrange- 
ment. 

On the basis of the experimental information available at 


present, it would be impossible to recommend formulas or 


curves embracing all these details, but it has been shown in 
the paper that no modern locomotive is giving a tractive-effort 
curve below what is recommended. The method, therefore, 
can be used as a reliable basis for numerical comparison of locomo- 
tives. 
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Foreword 


- IMELINESS in the publication of papers is one of the advantages that the 
: Committee on Publications has attempted to secure by issuing the Transactions 
monthly. In order to secure this same advantage in the Record and Index, the Com- 
_ mittee has decided to issue the various sections that comprise this publication as soon 
as the information contained in them is available instead of waiting until all of it is 
ready. For example, information on committee personnel is available shortly after 
_ the new president takes office and is needed by members and executive committees of 
- Local Sections wishing to communicate with these bodies; hence this section of the 
- Record and Index may be issued early in the year. The annual reports of the Society’s 
committees are available immediately after the end of the fiscal year, September 30, 
and can be distributed so they may be read and discussed by local groups before the 
- Annual Meeting in December. On the other hand, the Indexes cannot be prepared 
until December and the Presidential Address is not available until that time. As pre- 
viously issued, in a single volume, all sections of the Record and Index had to. await 


ties was preserved, none of the sections was issued at a time when it could be of timely 
use and value and hence it has had historical interest only. 

In putting its new plan into effect, the Committee is issuing in the present section 
all of the Record and Index material available at this time. This includes the biog- 
_ raphy of the president, the list of officers and committee members, general information 

~ about the Society, and the memorial notices of deceased members. 

In the fall the reports of the Council and of Society Committees will be mailed with 

an issue of the Transactions; and the Indexes and the Presidential Address will ap- 
_ pear as a supplement at the end of the year. 
In binding the 1934 Transactions, all of these sections of the Record and Index will 
_be gathered together at the back of the volume as has been the custom for several 
years. 
The Committee on Publications, after a careful study, has become convinced that 
the Record and Index, issued serially as the material of which it is composed becomes 
_ available, will prove much more useful to members than it has been in the past when 
issued in a single volume several months after the work of the year of which it was a 


record had closed. 


— the preparation of the Indexes, with the result that while a record of the year’s activi- 
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Paul Doty 
AUL DOTY, chairman of the Minnesota State Board of Registration for Archi- 
tects, Engineers, and Land Surveyors, was elected to the presidency of The 
American Society of Mechanical Engineers for the term 1933-1934. 

Mr. Doty was born in Hoboken, N.J., on May 30, 1869, the son of W. H. H. and 
Anna (Langevin) Doty and a descendant of Edward Doty, a Pilgrim passenger in the 
Mayflower. Mr. Doty has served as deputy governor general of the Society of May- 
flower Descendants and also as governor of the Society of Colonial Wars in Minnesota. 

Upon being graduated from Stevens Institute of Technology in 1888 with a mechani- 

cal engineering degree, Mr. Doty entered the gas industry, with which he has been 
identified the greater part of his life. His first service, in 1888, was with Dr. Alex- 
ander C. Humphreys, then superintendent and chief engineer of The United Gas Im- 
provement Company. After serving as a cadet engineer of the company at Phila- 


_delphia he was assistant engineer at the Jersey City gas works and assistant superin- 


tendent of the Paterson gas works. 

From 1895 to 1898 Mr. Doty was general manager of the Consolidated Gas Com- 
pany of New Jersey, Long Branch, N.J. In 1898 he was appointed the personal 
representative of the president of the company, Emerson McMillin, in connection with 
the reorganization of the Buffalo Gas Companies. Upon the completion of this assign- 
ment Mr. Doty took a position as secretary, treasurer, and general manager of the 
Grand Rapids (Michigan) Gas Light Company, with which he remained until 1901. 
While in Grand Rapids he was a director of the National City Bank there. From 
1901 to 1903 he was secretary and general manager of the Detroit City Gas Company. 

While in Michigan Mr. Doty served as president of the Michigan Gas Association 
and he was actively interested in establishing the first gas scholarship course at the 
University of Michigan. He also was president of the Detroit Suburban Gas Com- 
pany and of the Wyandotte Gas & Fuel Co. 

In 1903 and 1904 Mr. Doty was vice-president and general manager of the Denver 
Gas & Electric Co. From then until the United States entered the World War in 
1917 he was vice-president and general manager of the St. Paul Gas Light Company, 
the Edison Electric Light & Power Co., and the St. Croix Power Company. During 


_ part of the same period he held a similar position in relation to the South St. Paul Gas 


& Electric Co. He was president of the Union Light, Heat & Power Co., of Fargo, 
N.D., from 1905 to 1910. He was also president of the McMillin Gas and Electric 
Companies Association in 1906-1907. 

Mr. Doty served as Major, Corps of Engineers, U.S.A., 1917 to 1919; Utilities 
Officer, Camp Grant, Illinois, 86th Division, 1917; Officer in Charge of Utilities, 
Washington, D.C., 1918, for all camps and cantonments in the United States; and 
was detailed as a member of the General Staff Corps, U.S.A., 1919, to advise and to 
make recommendations to the Secretary of War on construction projects for the U.S. 
Army. In 1919 he was commissioned Lieutenant-Colonel, Corps of Engineers, U.S.A., 
and is now a Lieutenant-Colonel of the Reserve Corps of the U.S. Army. Mr. Doty 
has also served as Brigadier-General, General Staff Corps, Minnesota National Guard. 

Mr. Doty was president of the Business League of St. Paul in 1910 and in 1923 he 
was named president of the St. Paul Association of Commerce. At that time he was 
also vice-president and managing director of the St. Paul Trust and Savings Bank, and 
he has served as advisory engineer to a number of St. Paul financial institutions, par- 
ticularly in the public utilities field. 

In May, 1934, Mr. Doty reentered the U.S. Government service with the Home 
Owners Loan Corporation as regional reconditioning supervisor for the States of 


~ North Carolina, South Carolina, Georgia, F lorida, and Alabama, with headquarters at 


_ Atlanta, Ga. This work involves the carrying out of the construction program for 
the Home Owners Loan Corporation. 
Since its organization in 1921 Mr. Doty has served continuously as chairman of the 
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Minnesota State Board of Registration; he was reappointed a member of the Board 
by the Governor of Minnesota in April, 1934, to serve for a full four-year term. He 
was the first registered engineer in the State of Minnesota. In 1927 he was made 
president of the National Council of State Boards of Engineering Examiners. 

Mr. Doty served as president of the Western Gas Association in 1906, and has con- 
tributed a number of technical papers to that and to other gas associations with which 
he has been identified. He is also a member of the American Institute of Electrical 
Engineers and the Society of American Military Engineers, and is an honorary mem- | 
ber of the University of Minnesota chapter of Pi Tau Sigma. ; 

Mr. Doty became a junior member of the A.S.M.E. in 1891 and a member in 1904. 

He was appointed a member of the Committee on Local Sections in 1924 and served as 

its chairman in 1928-1929. He was a manager of the Society for the term 1926-1929 ; 
and vice-president from 1929 to 1931. As president of the Society he is chairman of 
its delegates to the American Engineering Council. He is also a member of the 
A.S.M.E. Committee on the Registration of Engineers. 
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The American Society of Mechanical Engineers 
Council, Committee, and Other Personnel Records 


The new plan for publishing the Record and Index in a series of timely supplements to | _ 
monthly issues of Transactions will in the future make it possible to issue such information as 
follows soon after the first of the calendar year. The Council and committee members and the 
_ A.S.M.E. representatives listed here are those for the administrative year which began in Decem- 
ber, 1933, and are published now both as a permanent record and for current use until the new 
administrative year begins. The Local Section Executive Committee chairmen and the Student 
Branch honorary chairmen are those in office on June 30, 1934. As many Local Section and 
Student Branch appointments change after July 1, the Office of the Society should be consulted 
for the names of current chairmen. The personnel of technical and Professional Division sub- 


committees and other information may also be secured from the Office. 
AD 
Officers and Council! EXECUTIVE SECRETARY EDITOR 
Dates in parentheses denote expiration of terms C. E. Davigs _ G. A. STETSON 


PRESIDENT 


Pau. Doty 


ASSISTANT SECRETARIES 


Ernest HARTFORD C. B. LePace 
PAST-PRESIDENTS 
Terms expire in December ° ° 
ndain Co m 
WitiiaM L. (1934) Roy V. Wricut (1936) Sta di mmittees 


CuarRLes M. Scuwas (1935) ConrabD N. Laver (1937) Dates in parentheses denote expiration of terms 7 
A. A. Porrer (1938) 7 
VICE-PRESIDENTS FINANCE 
Terms expire December, 1934 Terms expire December, 1935 K. L. Martin, Chairman and Representative on Council <n 
W. T. Conton (1935) W. D. Ennis (1937) 
WALTER RAUTENSTRAUCH (1936) T. R. Weyrmovuts (1938) 
James D. CUNNINGHAM H. L. Doo.irrLe 
C. F. Hirsureip C. HutcHtnson W. L. Barr 
Evuiotr H. WHITLock Council Repres ives | H. V. Cogs 
MANAGERS 7 MEETINGS AND PROGRAM © 
Terms expire December, 1934 Terms expire December, 1935 C. P. Buss, Chairman and Representative on Council (1934) 
ALEXANDER J. DICKIE ALEX D. BaILey R. I. Regs (1935) H. N. Davis (1937) 
EvGENE W. O'BRIEN Joun A. HUNTER E. C. Hutcutinson (1936) CLARKE FREEMAN (1938) 
Harry R. Westcorr Rosert L. SACKETT 
: PUBLICATIONS 
Terms expire December, 1936 Chet nd R Council (1934) 
ORROW, irman a epresentative on Cow 
James A. Hau Ernest L. OHLE James M. Topp . F. Voornesrs, Vice-Chairman (1935) W. F. Ryan (1937) 
TREASURER SECRETARY W. Dup.ey (1936) M. H. Roserts (1938) 
Erik OBERG CaLvin W. Rice A. J. Dick1e 
E. B. Norris Advisory Members 
EXECUTIVE COMMITTEE OF COUNCIL E. L. 
Pau Dory, Chairman Harry R. Westcorr O. B. Semmn, 2p, Junior Advisor 
Harowp V. Cors James A. (Personnel of Special Committee, p. RI-7) 
L. Barr Cavin W. Rice, Secretary 
Roy V. Wriaut, President's Representative MEMBERSHIP 


Advisory Members: Chairmen of the Finance Committee, the 6. &. Goupscummr, Chairman and Representative on Council (1934) 
Local Sections Committee, and the Professional Divisions Committee. yf A. LaRDNER (1935) C. L. Davipson (1937) 
R.H 


CHAIRMEN OF STANDING COMMITTEES ~ 


Hosea WEBSTER, Advisory Member 7 a 
Representatives on Council but without vote 
Finance, K. L. Martin, Chairman Education and Training for the PROFESSIONAL DIVISIONS re => 
Meetings and Program, C. P. Industries, H. S. Faux C. B. Peck, Chairman and Representative on Council (1934) — ’ 
Buiss Library, W. M. Keenan W. A. SHoupy, Vice-Chairman (1935) G. B. Pecram (1937) 
L. C. Morrow Standardization, H. Conprr (1936) Crossy Frexp (1938) 
— Sections, J. W. Hanny Power Test Codes, F. R. Low ersonnel of Spe ommsttes, p. H~7) 
onstitution and By-Laws, R. 8. Safety, T. A. Wasa, Jr. - 
NEAL Professional Conduct, H. S. LOCAL SECTIONS 
Awards, F. L. EtpDMANN BRICK J. W. Haney, Chairman and Representative on Council (1934) 
Relations With Coileges, E. F. —W. L. Duptey (1935) R. E. W. Harrison (1937) 
Cuurcn, Jr. W. W. Macon (1936) W. R. Wooxrics (1938) 


' Special Committees of Council, page “aa (Chairmen of Local Sections’ Executive Committees, p. RI-7) 
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TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


| CONSTITUTION AND BY-LAWS Special Technical Committee 


R. S. Neat, Chairman and Representative on Council (1934) 
H. H. SNELLING (1935) H. B. Lewis (1937) a -_ BOILER CODE 
P. R. FAYMONVILLE (1936)? W. H. KavanauaGu (1938) > tow C. B. Gonron 


G. N. Coug, Junior Advisor 36. Ja. 


F. B. 


D. 8S. Jacosus, Vice-Chairman 
C. W. Honorary Secretary 


AWARDS M. Jurist, Acting Secretary J. O. Lescu 
F. L. “EIDMANN, Chairman and Representative on Council (1934) 
W. L. Barr (1935) R. C. H. Heck (1937) = 
H. Diepericus (1936) L. P. ALFORD (1938) =. Gamer 
E. R. Fisu C. L. Warwick 
RELATIONS WITH COLLEGES V. M. Frost A. C. WricEL 
H. LeRoy Wuitney 
7 E. F. Cuurcnu, Jr., Chairman and Representative on Council (1934) 
Asporr (1935) R. V. (1937) 
1 E. W. O’Brien (1936) W. A. Hanuey (1938) Honorary Members 
F. W. Dean C. L. Huston 


(Student Branches and Honorary Chairmen, p. RI-8) 
T. E. DurRBAN 


EDUCATION AND TRAINING FOR THE INDUSTRIES 
: H. S. Faux, Chairman and Representative on Council (1934) 
- 4 C. F. Battery (1935) (1937) 

7 C.J. Freunp (1936) J. A. RANDALL (1938) 


W. F. Krese., Jr 
H. H. VauGHAN 


Special Administrative Committees 


LIBRARY REGULAR NOMINATING COMMITTEE 


W. M. Keenan, Chairman and Representative on Council (1934) ——, 


REPRESENTATIVE ALTERNATES 


I W. E. FREELAND W. KK. Simpson 
E. P. WoRDEN (1935) L. K. Stuucox (1937) II C. P. Buss, Chairman D. Morrat Myers 
G. F. (1936) Tue Secretary, Calvin W. > 

K. M. Irwin A. G. CHRISTIE 

A. I. Lipetz 
IV J. M. Foster, J. M. 
RESEARCH Vv L. A. CornELIUS N. Gopparp 

VI F. B. Orr 7 . C. WiLcox 
A. D. Battey, Chairman and Representative on Council (1934) VII FH. Paourr Caam 


Eaton (1935) C. R. Ricuarps (1937) A. Lockwoop 


D. B. Buuuarp (1936) C. T. RipLey 
STANDARDIZATION adh ge SECTIONS IN NOMINATING COMMITTEE GROUPS 


Ear_Le BuckInGHaM, Chairman and Representative on Council (1934) GROUP TI 
c C. W. Spicer (1935) L. A. CorNnELIvs (1937) Boston New Haven : 
Atrrep (1936) WALTER SaMans (1938) BRIDGEPORT NorwIicH 
GREEN MOUNTAIN PROVIDENCE 
POWER TEST CODES HarTFoRD WATERBURY 
MERIDEN WESTERN MASSACHUSETTS 


F. R. Low, Chairman and Representative on Council (1935) New Britain WORCESTER 


Term expires 1934 


GROUP II 
C. Berry L. F. Moopy 
Francis HopGKINSON 5 E. B. Ricketts METROPOLITAN (N. Y.) AND ForEIGN MEMBERS 
D. 8. Jacosus 


Term expires 1935 Term expires 1936 ANTHRACITE-LEHIGH VALLEY ROCHESTER 
F. R. Low A. G. CHRISTIE BALTIMORE SCHENECTADY 
A. T. Brown E. C. Hurcuinson CENTRAL PENNSYLVANIA SUSQUEHANNA ! 
R. H. Fernaup Pau Diserens ONTARIO SYRACUSE 
F. HirsHrevp G. A. OrroK PHILADELPHIA Utica 
8. Picorr Wa. Monroe WHITE PLAINFIELD WasuinoTon, D. C. 
Term expires 1987 Term expires 1938 
Harte Cooke Hans DanLsTRAND & 
E. R. Louis E.uiorr ATLANTA KNOXVILLE 
O. P. Hoop G. A. Horne BIRMINGHAM Mempuis 
H. B. HERBERT REYNOLDS CHARLOTTE New ORLEANS 
W. J. WoHLENBERG E. N. Trump CHATTANOOGA Norta Texas 
FLORIDA RALEIGH 
SAFETY GREENVILLE SAVANNAHB 
T. A. Wausu, Jr., Chairman and Representative on Council (1934) 
M. H. CHRISTOPHERSON (1935) H. H. Jupson (1937) 
W. M. Grarr (1936) H. L. Miner (1938) GROUP V 
AKRON-CANTON INDIANAPOLIS 
PROFESSIONAL CONDUCT BUFFALO LovIsvILLE 
H. 8. Chairman and Representative on Council (1934) ap 
TRGH 
SPENCER (1935) J. H. Herron (1937) Co.umsus 
j 
. R. (1936) E. F. Scorr (1938) 
Richard Kutzleb, Jr., appointed, July, 1934, to complete — YOounGsTowN 
RIE 
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GROUP VI 


Kansas City a 
Mip-ConTINENT 
MILWAUKEE 
MINNEAPOLIS 
NEBRASKA 


Rock River VALLEY 


Sr. JosepH VALLEY 
St. Louis 
Sr. Pau. 


Tri-Cities 


GROUP 


CoLoRraDo 
INLAND EMPIRE 

Los ANGELES 


San FRANCISCO 
UTAH 
WESTERN WASHINGTON 


_ TEL sLERS OF ELECTION FOR OFFICERS 


= (To be appointed) 


Special Committees of Standing 
Committees 


Publications Committee 
a _ BIOGRAPHY ADVISORY COMMITTEE 


G. A. OrRoK 
J. W. Roe 
28 W. H. WINTERROWD 


Professional Divisions Committee 


PURE AIR COMMITTEE 


(Dates in parentheses denote expiration of terms) 


E. C. Hutcuinson, Chairman (1936) J. W. Armour (1933) 
E. H. Wuittock, Secretary (1934) O. P. Hoop (1935) 


G. W. Bacu (1937) 


Special Council Committees 


R. V. a RIGHT, Chairman 
L. P. ALFoRD 

R. E. FLANDERS 

F. R. Low 


BOND ISSUE (CERTIFICATES OF INDEBTEDNESS) 

D. S. KimBauu, Chairman J. H. LAWRENCE 
Pau. Doty W. R. WEBSTER 

W. A. HANLEY W.H. WInteRRowD 

C. F. HirsHretp ERIK OBERG, Ex-Officio 

wa 

D. S. ERIK OBERG 

R. V. Wricut 


CAPITAL GOODS INDUSTRIES 


L. P. AuForD, Chairman W. W. Macon 
R. E. FLANDERS Patan L. W. W. Morrow 


CITIZENSHIP MANUAL 


J. W. Ros 
R. V. WRIGHT 3} 


W. H. WInTERROWD 


ECONOMIC STATUS OF THE ENGINEER 


C. F. Hirsure.p, Chairman H. B. Oatiey 

D. 8S. H. L. WHITTeMoRE 

C. N. Laver W.E. WickENDEN 
J.W 

E. F 


A. R. Chairman 
L. M. GILBREeTH 


. Haney, Chairman, Committee on Local Sections 7 
Cuurcn, Jr., Chairman, Committee on Relations > Ex-Officio 
With Colleges 
FREEMAN SCHOLARSHIP COMMITTEE — 
CuaRKE FREEMAN 


E. C. HutcHinson 


JUNIOR PARTICIPATION? 
F. Gaee, Chairman 


J. H. ApKISON 
8S. F. 
W. J. HarGest 


MANUAL OF PRACTICE FOR MECHANICAL 
ENGINEERING DESIGN 


W. A. SHoupy, Chairman 


POLICIES AND BUDGET 


H. R. Westcort, Chairman 
L. P. ALForD 
B. M. BriGMan 
H. M. Burke 
W. H. Carrier 
C. Jewett 


& 


Erik Treasurer, Ex-Officio 


REGISTRATION OF ENGINEERS 


J. H. LAwReNcE, Chairman 


RI-7 


RIcHARD KuTzLeB, JR. 
C. W. MESSERSMITH 
J. C. S. Moore 

D. B. WessTRoM 


H. S. 


J. H. LAWRENCE 
R. G. Macy 

A. L. MaiLLARD 
M. C. MaxwELu 
L. K. 
W. H. WINTERROWD 


C. F. HirsHFretp 


D. 8. V. M. PALMER 
Doty J. M. Topp 
RELIEF AND EMPLOYMENT 
A. A. PoTTEeR W. W. Macon 7 
Cavin W. Rice 
Professional Divisions 
Division Executive Committee Chairmen © 
Aeronautic . ns . ALEXANDER KLEMIN 
Applied Mechanics F. M. Lewis 
Fuels ‘ ; F. M. Van DEVENTER 
Hydraulic Pau. DISERENS 


.A. J. Boynton 

.B. P. Graves a 4 

J. R. SHEA 

.J. B. WEBB 

.Catvin W. Rice (Secretary) 


.L. R. Forp 
.W. G. HELTZEL 
_A. E. GRUNERT 

Printing Industries _J. C. OSWALD 


Process Industries . .. . . .C. E. Harrinecton 
Textile .W. L. Conran 

Wood Industries A.D. Sirs, JR. 


= 
Section 


Iron and Steel 
Machine Shop Practice 
Management . 
Materials Handling . 
National Defense... . 
Oil and Gas Power 
Petroleum . 

Power . 


Local Sections 


Executive Committee Chairmen* | 


Akron-Canton . 

Atlanta ... ... . .R. 8. Newcoms 

Baltimore . .J.C. Srrorr 

Birmingham . .J. M. 

Boston . .K. T. Stearns 

Bridgeport . . . .T. H. Bearp 

Buffalo . .H. D. Munson 

Central Pennsylvania ; . .F. E. Burpee 

Charlotte ..... . .W.S. Leg, Jr. 

Chattanooga . . NEWELL SANDERS 
.L. D. Gayton 

Cincinnati . . .C. L. KogHLER 

Cleveland .L. E. Jermy 

Colorado .F. A. Lockwoop 

Erie . .L. P. DeVav5 


* Committee dismissed, January, 1934. 
‘ Term of office, July, 1933-June, 1934. 
5 Resigned March 18, 1934. H. G. Mueller appointed to complete term | 
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RI-8 , q TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 

Section Executive Committee Chairmen Branch Honorary Chairmen 
.J. H. WHITE Columbia Univ., New York, N. Y. .L. R. Forp 
Green Mountain .C. Q. GaREY Cooper Union, New York, N. Y. . . .H. F. Rommuate 
Greenville S. ScHUMAKER Cornell Univ., Ithaca, . ... .D. S. Jr. 
Hartford . .E. R. Delaware, Univ. of, Newark, Del... . . .W. F. 
Houston . .W. T. ALLIGER Detroit, Univ. of, Detroit, Mich. .F. J. LINSENMEYER © 


Indianapolis 
Inland Empire . 
Kansas City 
Knoxville 

Los Angeles 
Louisville 
Memphis 
Meriden . 
Metropolitan . . 
Mid-Continent . 
Milwaukee . 
Minneapolis 
Nebraska 
New Britain 
New Haven . 
New Orleans . 
North Texas . 
Norwich . 
Ontario 
Oregon. 
Peninsula 
Philadelphia . 
Pittsburgh . 
Plainfield. 
Providence . 
Raleigh 
Rochester 
Rock River V alley 

St. Joseph Valley . 

St. Louis 

St. Paul . 

San Francisco. 
Savannah 

Schenectady 
Susquehanna . 
Syracuse . 

Toledo 

Tri-Cities 

Utah 

Utica 

Virginia . . 
Washington, D. C. 
Waterbury . 
Western Massachusetts 
Western Washington 
West Virginia 
Worcester 

n 


Branch 
Akron, Univ. of, Akron, Ohio 


how 


Alabama Polytechnic Inst., Auburn, Ala. . .¢ 
Alabama, Univ. of, University, Ala... . 
Arkansas, Univ. of, Fayetteville, Ark. . 
Armour Inst. of Technology, Chicago, IIl. 
Brooklyn, Polytechnic Inst. of, Brooklyn . 
Brown Univ., Providence, R. I... ... 
Bucknell Univ., Lewisburg, Pa. . . : 
California Inst. of Technology, Pasadena 
California, Univ. of, Berkeley, Calif. 
Carnegie Inst. of Tech., Pittsburgh, Pa. . .S. 
Case School of Applied Science, Cleveland .E. S 

Catholic Univ. of America, Washington . .G. A. WescHLER 
Cincinnati, Univ. of, Cincinnati, Ohio . . .J. 


Student Branches 


. .HomerR Ruparp 
.D. R. Gray 
.J. A. WALTER 
.W. F. SEARLE 
.E. C. BARKsTRoM 
. .B. M. BrigMan 
.J. T. RoBerts 
.L. B. Marcy 
.G. B. Pearam 
.H. F. BrRinpEL 
. JAMES BROWER 
.R. E. Grpss 
.P. K. SLAYMAKER 
.H. L. SPAUNBURG 
. FREDERICK FRANZ 
.D. W. STEWART 
.R. R. SuayMaKER® 
.F. S. ENGLISH 
.O. W. 
.W. H. MartTIn 
.L. L. BENEDICT 
.E. R. GLENN 
A. 
.R. S. HorrMan 


E. WAGNER 
M. Foster 
. 8S. Lowrey 
L. Corra 
R. ADAMS 
W. Davis 
F. Enpicotr 
R. Dows 
E. Kexnor 
. 8S. THOMPSON 
+ MorsE 

. BROWN 


PALMER 
.J. H. PLOBHN 
.H. D. LanpEs 
.R. T. Kent 
.A. F. MacconocuHig 
. Towson PRICE 
.J. H. ROBERTS 
.G. R. WHOLEAN 

. .F. B. Lex 

. .C. E. Buiven 

. .E. H. Carroun 
.E. M. RicHarps 


Honorary Chairmen’ 


F. S. Grirrin 
ye HIxon 

.J. M. GALLALBE 

R. G. Pappock 

.J. C. PEEBLES 
-GERADO IMMEDIATO 
.J. A. 

-G. M. KunKEL 
.R. L. DavuGHERTY 
-H. B. LANGILLE- 


W. BunTING 


Clarkson College of Tech., Potsdam, N. Y. .J. A. Ross, Jr. tes! ¥ 


Clemson College, Clemson College, S.C. . 


.J. H. Sams 


Colorado Agricultural College, Fort Collins . Josep Pinsky 
. .W. F. Matuory 


Colorado, Univ. of, Boulder, Colo. 


* Resigned October 10, 1933. E. W. Burbank appointed to complete 


m. 
7 In office June 30, 1934. 
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Drexel Inst., Philadelphia, Pa. 


Illinois, Univ. of, Urbana, Ill. 
Iowa State College, Ames, Ia. 


Lehigh Univ., Bethlehem, Pa. 


Houghton, Mich. 


Rolla, Mo. 


Nevada, Univ. of, Reno, Nev. 


N. J. 


Pratt Inst., Brooklyn, N. Y. 


Princeton Univ., Princeton, N. J. 
Purdue Univ., W. Lafayette,Ind. ... 
Rensselaer Polytechnic Inst., Troy, N. Y. 
Rhode Island State College, Kingston, R. I. 


Rice Inst., Houston, Tex. 


Rose Polytechnic Inst., Terre Haute, Ind. 
Rutgers Univ., New Brunswick, 
- Santa Clara, Univ. of, Santa Clara, Calif. 
- South Dakota, Univ. of, Vermilion, 8. D. 
Southern California, Univ. of, Los Angeles 
Southern Methodist Univ., Dallas, Tex. . 
Stanford Univ., Stanford University, Calif. 
Stevens Inst. of Technology, Hoboken, N. J. 
Swarthmore College, Swarthmore, Pa. . . . 
Syracuse Univ., Syracuse, N.Y. . . 
Tennessee, Univ. of, Knoxville, Tenn. . 
Texas, A.&M. College of, College Station. 
Texas Technological College, Lubbock, Tex 


R. F. Demme, 
G. A. BourDELaIs 
. .Duncan WHITE 
J. A. TRAIL 
.V. L. 
J. L. Bruns 
. R. W. Aneus . 


Texas, Univ. of, Austin, Tex. 
Toronto, Univ. of, Toronto® . 


8 Student Branch of the Ontario Section. 


. Dawson 
Florida, Univ. of, Gainesville, Fla. . . .B. L. Van LEER 
George Washington Univ., Washington, D. C.M. A. Letr 

Georgia School of Technology, Atlanta, Ga. 
Harvard Univ., Cambridge, Mass. 


. .L. 8S. Marks 
Idaho, Univ. of, Moscow, Idaho. . . 


.B. C. CRUIKSHANK 
.R. A. NoRMAN 

Iowa, State Univ. of, lowa City, Ia. 
Johns Hopkins Univ., Baltimore, Md. . 
Kan. State Agricultural College, Manhattan. A. J. 
Kansas, Univ. of, Lawrence, Kan. <a 
Kentucky, Univ. of, Lexington, Ky. . C.C. Jurr 
Lafayette College, Easton, Pa. B. 

Lewis Inst. of Technology, Chicago . . . 
Louisiana State Univ., Baton Rouge, La. 
Louisville, Univ. of, Louisville, Ky 
Lowell Textile Inst., Lowell, Mass. 
Maine, Univ. of, Orono, Me. . . . 
Marquette Univ., Milwaukee, Wis. 
Mass. Inst. of Technology, Cambridge 
Michigan College of Mining and T 


.J. 8S. Kozacka 

. HAMILTON JQHNSON 
“H. J. Bais 

.I. H. PRAGEMAN 
.J. E. ScHorn 


Michigan State College, East L ansing, Mich.H. B. Dirks 
Michigan, Univ. of, Ann Arbor, Mich. 
Minnesota, Univ. of, Minneapolis, Minn. 
Mississippi State College, State College 
Missouri School of Mines and weeping 


.B. J. RQ@BERTSON 


Missouri, Univ. of, 'C olumbia, ‘Mo. 
Montana State College, Bozeman, Mont. 
Nebraska, Univ. of, Lincoln, Neb. 


. Ertc THERKLESEN 
.C. A. SsoGREN 

.F. H. 
Newark College of Engineering Newark, a 
.R. B. 
.T. J. Laton 
.E. B. Smita 
.CARLOS DE ZAFRA 
.F. B. TURNER 


New Hampshire, ‘Univ. of, ‘Durham, 'N. H. 
New York, College of City of, New York. 
New York Univ., New York, N. Y 
North Carolina State College, Raleigh . 
North Carolina, Univ. of, Chapel Hill . 
North Dakota Agricultural College, Fargo 
North Dakota, Univ. of, Grand Forks . . 
Northeastern Univ., Boston, Mass. 

Notre Dame, Univ. of, Notre Dame, Ind. 
Ohio Northern Univ., Ada, Ohio 
Ohio State Univ., Columbus, Ome. ... 
Oklahoma A.&M. College, Stillwater, Okla. 
Oklahoma, Univ. of, Norman, Okla. . 
Oregon State Agricultural College, Corvallis 
Pennsylvania State College, State College 
Pennsylvania, Univ. of, Philadelphia, P 
Pittsburgh, Univ. of, Pittsburgh, Pa. 
Porto Rico, Univ. of, Mayaguez, P.R. . 


.J.R. Van 
.A. J. DiaKoFrr 

.J. W. ZELLER 

.C. C. WiLcox 

.J. A. NEEDY 


-F. W. Marquis 
.V. L. MALLEEV 
. .H. V. Beck 
Ornus 
.C. L. ALLEN 
a. .W.A. SLOAN 


.J. A. Dent 

. Luis STEFANI 

.J. W. HunTER 

.E. P. Cutver 

.F. C. Hockpma 

. THOMAS FITZGERALD 
CARROLL BILLMBYER 
.J. H. Pounp 

.H. C. Gray 

.U. C. 
.G. L. SULLIVAN 
.M. W. Davipson 
.S. F. Duncan 

.R. R. SLAYMAKER 
. LAWRENCE WASHINGTON 


.N. C. Epauau 


.R. M. 
G. CHRISTIE 
Mack 


EaTon | 
W. Luce 


R. 8S. TrRoseper 


.JaMEs Hout 
.R. R. SeeBer 
.O. W. Boston 


.R. C. CARPENTER 


.R. O. JacKSON 
.R. W. SELVIDGE 


N. P. Battey 
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Branch Honorary Chairmen 

Tufts College, Tufts College, Mass. . .E. E. Leavitt 
Tulane Univ. of Louisiana, New Orleans . .W. B. Grecory 
U. 8. Naval Academy, Post Graduate School, 

Annapolis . . . .P. J. Kisver 
Utah, Univ. of, Salt Lake City, Utah .M. B. Hogan 
Vanderbilt Univ., Nashville, Tenn. .J. E. Boynton 
Vermont, Univ. of, Burlington, Vt. .E. L. SussporFrF 
Villanova College, Villanova, Pa. . . .J. 8. Morenouss 
Virginia Polytechnic Inst., Blacksburg, Va. .N. W. ConneR 
Virginia, Univ. of, University, .H. C. Hesse 
Washington, State College of, Pullman, Wash. F. W. CANDEEB 
Washington Univ., St. Louis, Mo. .. . .E. H. Sacer 
B 
L 
B 


Washington, Univ. of, Seattle, Wash. . T. McMInn 
West Virginia Univ., Morgantown, W. Va. .L. D. Hayzs 
Wisconsin, Univ. of, Madison, Wis. . . G. ELuiorr 
Worcester Polytechnic Inst., Worcester 3. L. WELLMAN 
Wyoming, Univ. of, Laramie, Wyo. . . . .R.S. Sink 

Yale Univ., New Haven, Conn. . . .S. W. Dupigry 


Awards 


The following paragraphs deal with the awards, scholarships, and 
loan funds which come within the jurisdiction of the A.S.M.E. The 
Society also participates with other engineering societies in a number 
of joint awards. 


Honorary Membership, to which persons of acknowledged profes- 
sional eminence are elected by unanimous vote of Council under the 
provisions of the By-Laws and Rules. A list of honorary members is 
given on page RI-12. 

Life Membership, which may be conferred by the Council for dis- 
tinguished service to the Society; or secured by a member by pay- 
ment for an annuity in accordance with the provisions of the 
By-Laws. 

A.S.M.E. Medal, established by the Society in 1920 to be presented 
for distinguished service in engineering and science. May be awarded 
for general service in science having possible application in engineer- 
ing. 

Holley Medal, instituted and endowed in 1924 by George I. Rock- 
wood, Past Vice-President of the Society, to be bestowed for some 
great and unique act of genius of engineering nature that has ac- 
complished a great and timely public benefit. 

Worcester Reed Warner Medal, provision for which was made in 
the will of Worcester Reed Warner, Honorary Member of the Society, 
is a gold medal to be bestowed on the author of the most worthy 
paper received, dealing with progressive ideas in mechanical engi- 
neering or efficiency in management. 

Melville Medal, established in 1914 by the bequest of Rear-Admiral 
George W. Melville, Honorary Member and Past-President of the 
Society, to be presented for an original paper or thesis of exceptional 
merit, presented to the Society for discussion and publication, to 
encourage excellence in papers. The medal may be presented an- 
nually. 

Spirit of Saint Louis Medal, endowed by members of the Society 
and citizens residing in St. Louis, Mo., to be awarded for meritorious 
service in the field of aeronautical engineering. This medal will be 
awarded at the discretion of the Council of the Society at approxi- 
mately three-year periods upon the recommendation of a Spirit of 
Saint Louis Medal Board of Award made up of six members, each 
appointed for a term of nine years and the terms of two members 
expiring at each three-year period. The St. Louis Section and the 
Aeronautic Division will each be responsible for the nomination 
of three members. 

Junior Award, annual cash award of $50, established in 1914, from 

a fund created by Henry Hess, Past Vice-President of the Society, 
to be presented, together with an engraved certificate, for the best 
paper or thesis submitted by a Junior Member. 
Student Awards, two annual cash awards of $25 each, established 
in 1914, from a fund created by Henry Hess, Past Vice-President of 
the Society, to be presented, together with engraved certificates, for 
the best papers or theses submitted by members of Student 
Branches. 

Charles T. Main Award, annual cash award of $150, established in 
1919 from a fund created by Charles T. Main, Past-President of 
the Society, to be awarded to a student of engineering, preferably a 
member of a Student Branch of the Society, for the best paper within 
the general subject of the ‘‘Influence of the Profession Upon Public 
Life.” The exact subject is assigned by the Committee on Awards, 
subject to the approval of the Council, and is announced each year 
through the Honorary Chairmen of the Student Branches. 


Toltz: 


SCHOLARSHIPS AND LOAN FUNDS 


Loan Fund of $15,000 established by Major Max 
Toltz, former member of the Council of the Society, the income to 
be used for assistance to students. 

John R. Freeman: Fund of $25,000 established in 1926 by John 
R. Freeman, Past-President of the Society, the income to be used 
for travel scholarships and research. 

Woman’s Auriliary: Scholarship or Fellowship offered by the 
Woman's Auxiliary to the Society to assist sons and daughters of 
members or worthy students of mechanical engineering. 


RECIPIENTS OF AWARDS 


The names of the recipients of the different awards to date are 
given in the following lists, together with the dates of presentation, 
and the services or papers for which the awards were made. There 
were no awards for the years not listed. 


A.S.M.E. 


HJALMAR GOTFRIED CARLSON, in recognition of the services 
rendered the Government because of his invention and part 
in the production of 20,000,000 Mark III drawn steel booster 
casings used principally as a component of 75-mm _high- 
explosive shells, but also used extensively in gas shells and 
bombs 

Freperick ArTHuUR Hausgy, for his paper describing the 
premium system of wage payments presented before the So- 
ciety at the Providence Meeting in 1891, as the adoption of 
the methods there proposed has had a profound effect toward 
harmonizing the relations of worker and employer 

Joun Ripitey FREEMAN, for his eminent service in engineering 
and manufacturing by his meritorious work in fire prevention 
and the preservation of property 

R. A. MILLIKAN, in recognition of his contributions to science 
and engineering 

1927 WuttFrsp Lewis, for his contributions to the design and con- 
struction of gear teeth 

JuLIAN Kennepy, for his services and contributions to the 
iron and steel industry 

WiuuiiamM LeRoy Emast, for his contributions in the develop- 
ment of thé steam turbine, electric propulsion of ships, and 
other power-generating apparatus 

ALBERT KinassBoury, for his research and development work 
in the field of lubrication 

AmsBrosp Swasey, for his contributions to the advancement 
of the engineering profession and for his part in the develop- 
ment of the turret lathe and the astronomical telescope. 


1923 


1923 


1926 


1928 


1929 


1931 


1933 


1924 HsatMar Gotrrigp CaRLsoN, for his inventions and processes 
which made possible the timely production of drawn steel 
booster casings for artillery ammunition, thereby aiding vic- 
tory in the World War 

Eimer AmsBrosp Sperry, for achievements and inventions 
that have advanced the naval arts, including the gyroscope 
that has freed navigation from the dangers of the fluctuating 
magnetic compass 

Baron Cuuzasuro Suisa, for his contributions to knowledge 
through fundamental research, including the field of aero- 
dynamics, by the development of ultra-rapid kinematographic 
methods. 


1928 


1929 


Worcester Reep WaRNER MEDAL 


1933 Dexter S. Kimpatt, for his contributions to efficiency in 
management as exemplified by his recently revised ‘‘Principles 
of Industrial Organization’”’ and by his many articles, engi- 


neering society papers, and public addresses. 


MELVILLE 


1927 
1929 


Lzon P. Atrorp, “Laws of Manufacturing Management” 
Josspa WickHaM Ros, “Principles of Jig and Fixture Prac- 
tice”’ 

Herman Diepericus anp Wituiam D. Pomeroy, “The Oc- 
currence and Elimination of Surge or Oscillating Pressure 
in Discharge Lines From Reciprocating Pumps’ 

Arruaur E. Grunert, “Comparative Performance of a Pul- 
verized-Coal-Fired Boiler Using Bin System and Unit System 
of Firing” 

Autsexzey J. Stepanorr, “Leakage Loss and Axial Thrust in 
Centrifugal Pumps” 


1930 


1931 


1932 
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1929 
1932 


1920 
1921 


1923 


1925 
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E. Catpwe t, ‘Characteristics of Large Hell Gate 
Direct-Fired Boiler Units.” 


Sprrait or Saint Louis MEDAL 


DantgL GuGGENHEIM, founder of the Guggenheim Fund for 
the Promotion of Aeronautics 

Paut LitcHFIELD, for his work in encouraging and sponsoring 
airship design and construction in this country. 


Juntion AWARD 
Ernest O. Hicxstern, ‘Flow of Air Through Thin Plate 
Orifices”’ 
L. B. McMiuuan, “The Heat Insulating Properties of Com- 
mercial Steam-Pipe Coverings” 
E. D. WHALEN, ‘‘Properties of Airplane Fabrics”’ 
S. Logan Kerr, ‘‘Moody Ejector Turbine’ 
R. H. Heruman, “Heat Losses From Bare and Covered 
Wrought-Iron Pipe at Temperatures up to 800 Degrees Fahr- 
enheit’”’ 
F. L. Katuam, “Preliminary Report on the Investigation of 
the Thermal Conductivity of Liquids” 
S.S. Sanrorp and S. Crocxsgr, “The Elasticity of Pipe Bends” 
R. H. Herman, ‘‘Heat Losses Through Insulating Material’ 
GitBerT S. ScHALusr, “An Investigation of Seattle as a 
Location for a Synthetic Foundry Industry” 
Wm. M. Frag, ‘Stresses Occurring in the Walls of an Ellip- 
tical Tank Subjected to Low Internal Pressure”’ 
M. D. AtsensTeIn, ‘‘A New Method of Separating the Hy- 
draulic Losses in a Centrifugal Pump”’ 
ARTHUR M. ‘Stresses in Heavy Closely Coiled Helical 
Springs” 
Ep Smita, “Quantity-Rate Fluid Meters” 
M. K. Drewry, “Radiant-Superheater Developments” 
Epmonp M. Waaener, ‘Frictional Resistance of a Cylinder 
Rotating in a Viscous Fluid Within a Coaxial Cylinder”’ 
TOWNSEND TINKER, ‘Surface Condenser Design and Operat- 
ing Characteristics.’ 


STUDENT AWARD 


Boynton M. GREEN, Stanford University, 
tion” 

Howarp Stevens, Rensselaer Polytechnic Institute, ‘“‘An 
Investigation of the Dynamic Pressure on Submerged Flat 
Plates” 

M. Apam, Louisiana State University, ‘‘The Adaptability 
of the Internal Combustion Engine to Sugar Factories and 
Estates” 

H. R. Hammonp and C. W. Hotmserc, Pennsylvania State 
College, “‘Study of Surface Resistance With Glass as the Trans- 
mission Medium” 

C. F. Lex and F. G. Hampton, Stanford University, ‘“‘An 
Experimental Investigation of Steel Belting” 

W. E. Stanford University, “An Experimental 
Investigation of Steel Belting” 


“Bearing Lubrica- 


Howarp G. ALLEN, Cornell University, ‘“‘Wire Stitching 
Through Paper” 

Kari H. Wuire, University of Kansas, ‘“‘Forces in Rotary 
Motors” 


Ricuarp H. Morris and AuBert J. R. Houston, University 
of California, ‘‘A Report Upon an Investigation of the Herschel 
Type of Improved Weir” 

CuaRLEs F. OtmstTeaD, University of Minnesota, ‘‘Oil Burn- 
ing for Domestic Heating”’ 

H. E. Doourrriz, University of California, ‘“‘The Integrating 
Gate: A Device for Gaging in Open Channels” 

Georce Stuart Cuark, Stanford University, ‘‘Two Methods 
Used for the Determination of the Gasoline Content of Ab- 
sorption Oils in Absorption Plants’’ 

L. J. FRANKLIN and CHar.zs H. Smirsu, Stanford University, 
“The Effect of Inaccuracy of Spacing on the Strength of 
Gear Teeth” 

Harry Pease Cox, Jr., Rensselaer Polytechnic Institute, 
“A Study of the Effect of End Shape on the Towing Resis- 
tance of a Barge Model” 

W. S. Montgomery, Jr., and E. Ray Enpers, Jr., Pennsyl- 
vania State College, ‘‘Some Attempts to Measure the Drawing 
Properties of Metals’ 

R. E. Peterson, University of Illinois, ‘‘An Investigation of 
Stress Concentration by Means of Plaster of Paris Specimens” 

Crcit G. Hearp, University of Toronto, ‘‘Pressure Distribu- 
tion over U. S. A. 27 Aerofoil With Square Wing Tips Model 


1927 


1928 
1929 


1930 


1931 


1932 


1933 


1927 
1929 
1931 
1932 


ALFRED H. Marsuatt, Princeton University, ‘Evaporative 
Cooling” 

Roger Irwin Esy, University of Washington, ‘‘Measurement 
of the Angular Displacement of Flywheels” 

CLARENCE C. Franck, Johns Hopkins University, ‘Condition 
Curves and Reheat Factors for Steam Turbines” 
FRANK VERNON Bistrom, University of Washington, 
Investigation of a Rotary Pump” 

Waits, University of Washington, ‘An 
Investigation of a Rotary Pump” 

GerarpD EpEN Polytechnic Institute of Brooklyn, 
“‘High-Temperature Oxidation of Steel” 

Harotp L. Apams and Ricuarp L. Stirs, University of 
Washington, “‘A Wind Tunnel for Undergraduate Labora- 
tory Experiments”’ 

Jutes Popnossorr, Polytechnic Institute of Brooklyn, 
“Pressure and Energy Distribution in Multi-Stage Steam 
Turbines Operating Under Varying Conditions” 

H. E. Foster, Jr., University of Tennessee, ‘Factors Affecting 
Spray Pond Design’”’ 

Wiuuiam A. Mason, Stanford University, ‘‘An Experimental 
Investigation of the Flame Propagation in Internal-Com- 
bustion Engines”’ 

Hugo V. Corptano, Polytechnic Institute of Brooklyn, 
“Thermal Analysis of the Lithium-Magnesium System of 
Alloys”’ 

James A. Ostranp, Jr., Princeton University, ‘Sudden 
Enlargement in the Open Channel.” 


T. Matin AWARD 


“An 


CLEMENT R. Brown, Catholic University of America. Sub- 
ject: ‘‘The Influence of the Locomotive on the Unity of the 
United States”’ 

W. C. Sartor, Johns Hopkins University. Subject: ‘The 
Effect of the Cotton Gin Upon the History of the United States 
During Its First Seventy Years” 

No award. Subject: “Scientific Management and Its Effect 
Upon the Industries” 

Roxsert M. Meyer, Newark College of Engineering. Sub- 
ject: ‘Scientific Management and Its Effect Upon Manu- 
facturing” 

Jutes Popnossorr, Polytechnic Institute of Brooklyn. Sub- 
ject: ‘The Value of the Safety Movement in the Industries” 
Rosekrt E. Kuisg, University of Michigan. Subject: ‘‘Inter- 
changeability—-Its Development and Significance in Industry” 
MarsHALL ANDERSON, University of Michigan. Subject: 
“Apprenticeship and Vocational Training” 

Gerorce D. Witkinson, Jr., Newark College of Engineering. 
Subject: ‘‘Progress in the Prevention of Smoke and Atmos- 
pheric Pollution.” 


FREEMAN TRAVEL SCHOLARSHIP 


HersBert N. Eaton and Buake R. Van LEER 
Rosert T. Knapp owe 
REGINALD WHITAKER 


G. Ross Lorp. 


A.S.M.E. Representatives on Other 
Activities 


AMERICAN ASSOCIATION FOR THE ADVANCEMENT OF 


W. F. Duranp 


SECTION M, ENGINEERING 
a2. 


Representatives appointed annually from locality in which meeting 


AMERICAN ENGINEERING COUNCIL 


is to be held. 


Paut Dory, Chairman A. A. PoTTrer 
L. P. ALForpD D. R. YARNALL 
R. E. FLANDERS Roz, Alternate 


The A.S.M.E. is also represented on a number of special boards 


and on many committees of other organizations. Dates in paren- 
thesis denote expiration of terms. 


noe 
«1916 
1919 
1922 
age (1924 
1925 
1930 
9381 
1938 
1928 
1916 
1930 
1931 
1932 
4917 1933 
1919 
— iE 
1924 
— i= 
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AMERICAN SOCIETY OF SAFETY ENGINEERS 


ENGINEERING SECTION, NATIONAL SAFETY COUNCIL 
aii : - A list of past vice-presidents, managers, treasurers, and secretaries 


T. A. WaLsH, JR. Ernest HARTFORD will be found in the 1930 Record and Index, pages 10-12. Dates in 
parentheses denote year of death. 


AMERICAN STANDARDS ASSOCIATION : ALEXANDER LyMAN Ho.uey, Chairman of the Preliminary Meeting for 


Organization of The American Society of Mechanical Engineers (1882) 
C. W. Spicer (1934) C. B. LePace t Alternates 


V. R. WILLouGHBy (Serve one year) 1880-1882 Ropert Henry Tuurston (1903) = 
1883 Erasmus Darwin Leavirr (1916) 
—_ 1884 JoHN Epson Sweet (1916) 
"THE ENGINEERING FOUNDATION 1885 JosepHus Fiavius Hottoway (1896) 


1886 CoLEeMAN SELLERS (1907) 
A. E. Waite (1936) W. H. Futweiver (1937) 1887 Georce H. Bascock (1893) 


D. Rosert YARNALL (1937)® 1888 Horace Sze (1909) 
1889 Henry Rosinson Towne (1924) 
1890 OBERLIN SMITH (1926 
ENGINEERING SOCIETIES EMPLOYMENT SERVICE (1923) 
NATIONAL BOARD 1892 CHARLES HarpinG LorinG (1907) 
1893-1894 Brixton Coxe (1895) 
Cauvin W. Rice, Chairman 1895 Epwarp F. C. Davis (1895) 
1895 CHARLES BILLinGs (1920) 
ENGINEERS’ OUNC IL FOR PROFESSIONAL 1897 Worcester Reep WARNER (1929) 
DEVELOPMENT 1898 CHARLES WALLACE Hunt (1911) 
1899 GeorGe WaLLAcE MELVILLE (1912) 
1900 Hitt Morgan (1911) 
1901 SamvugE.L T. WELLMAN (1919) = 
1902 Epwin ReyNo.ps (1909) 
1903 James Mapes Dopge (1915) 
NATIONAL MANAGEMENT COUNCIL 1904 AMBROSE SWASEY 
1905 JoHN RipLey FREEMAN (1932) 
L. P. Atrorp (1935)—J. W. Ror, Alternate 1906 FREDERICK WINSLOW TaYLor (1915) 
J. R. (1936)—J. A. Pracire ui, Alternate 1907 FrepeRIcK Remsen Hutton (1918) 
C. W. Lytie (1937) 1908 Munarp Larever Houtman (1925) 


J. H. Lawrence (1934) W. E. WickenveEN (1935) 
C. F. HtrsHrevp (1936) 


1909 Jesse Merrick (1927) 
1910 GerorGe WESTINGHOUSE (1914) 
: 1912 ALEXANDER CroMBIE Humpareys (1927) 
DIVISION OF ENGINEERING AND INDUSTRIAL RESEARCH © 1913 WILLIAM FREEMAN Myrick Goss (1928) 
Aubert Kinossury (1934) W. D. Ennis (1935) 1914 James 
G. W. Lewis (1934) F. M. Farmer (1936) - 1915 JouN ALFRED BrasHear (1920) 
W. R. Wepster (1935) D. S. Jacosus (1936) 
W. RA NELSON 
1918 CHARLES THoMasS MAIN 
1919 Mortimer Etwyn Coo.ey 
UNITED ENGINEERING TRUSTEES, INC. 
W. L. Barr (1935) H. V. Cogs (1936) 1922 DextTER Simpson KIMBALL 
D. Ropert YARNALL (1937) LYLE 
2 REDERICK Low 
1925 DuRAND 
U.E.T. COORDINATION COMMITTEE OF ENGINEERING ABBOTT 
SOCIETIES 2 HARLES WAB 
1928 ALex Dow 
D. 8S. R. I. Rees 1929 AMBROSE Sperry (1930) 
Joun Lyte HARRINGTON 1930 CHARLES Pigz (1933) 
1931 Roy V. WriGcuT 
* A.S.M.E, representative from Board of United Engineering Trustees, 1932 Conrap N. LAUER i = 


fi 
> 
~ 
q 
> 
¢ 
45 


PERPETUITY 


Society. Died 1882. 
Died 1916. 
the Society. Died 1880. 


ALEXANDRE Gustave Eirret .1889 
MARSHAL FERDINAND . .1921 


HONORARY MEMBERS IN 


ELECTED 
Horatio 1880 
Str ARROL ..... 1905 
Str BENJAMIN BAKER... .1886 
JOHANN BAUSCHINGER .. .1884 
Str Henry Bessemer ... .1891 
Str JosEPH BRAM- 
JOHN ALFRED BRASHEAR . . .1908 
Gustave CANET. .... .1900 
ANDREW CARNEGIE... . .1907 
DanteL KINNEAR CLARK . . .1882 
JuLIus EMMANUEL 
1882 
Coopzp..... . .1889 
Peter ..... . .1882 
Cart GustaF PaTRIK DE 1912 
Digser ..... .1912 
James Drepcr ..... .1886 
DwWELSHAUVERS-Dery .1886 
Tuomas Atva Epison .. .1904 


ALEXANDER LyMAN Ho..ey, Founder of the 


JouNn Epson Sweet, Founder of the Society. 


Henry Ross!Ter WorTHINGTON, Founder of 


DECEASED HONORARY MEMBERS 


DIED 


1889 
1913 
1907 
1893 
1898 


1903 
1920 
1908 
1919 
1896 


1888 
1892 
1883 
1913 
1913 
1906 
1913 
1931 
1923 
1929 


Honorary Members 


Str Fox . 
JoHN RipLey FREEMAN... 


Masor - GENERAL 
WASHINGTON GOETHALS. . 
FRANZ GRASHOF . 
Rear-ADMIRAL ROBERT STAN- 
ISLAUS GRIFFIN 
Orro HALLAUER . 
CHARLES Haynes . 
Friepricu Gustav HERRMANN .1884 
Gustav ApoLpH H1RN 
Joserx HirscH 
Ira N. 
Rosert Wootston Hunt 
BENJAMIN FRANKLIN 


Henri 

Erasmus Darwin LEAVITT . 

ANATOLE MALLET . 

H. MANNING . 

ReEAR-ADMIRAL GEORGE WAL- 
LACE MELVILLE 

Tue HonoraB_e Str CHARLES 
ALGERNON PARSONS 

CHARLES TALBOT PORTER . 

Avuouste C. E. Ratrau 

Srr Epwarp J. Reep 

Franz REULEAUX 

ADOLPHE - EUGENE 


C. SIEMANS . 
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DIED 
1921 
1932 
1913 


1907 
1907 
1890 
1901 
1930 
1923 


1915 
1916 
1916 
1919 
1919 


1912 


1931 
1910 
1930 
1906 
1905 


1898 
1883 


Rosinson TowNE 
HENRI TRESCA 
WILLIAM CAWTHORNE UNWIN 
OsKAR VON MILLER 
Francis A. WALKER . a 
Worcester REED WARNER . 
Str Henry Waite. 
GrorGr WESTINGHOUSE ‘ 
Str ALFRED FERNANDEZ YAR- 
.1914 


Sirk JoHN AUDLEY 


Masawo Kamo 
Henri Le CHATELIER 
GRANDE UFFICIALe ING. P1o PERRONE. 
CaLvIN Winsor 
PALMER C. RICKETTsS 
M. ScowaB 
AMBROSE SWASEY 
THOMSON . 
MaTTHews VAUCLAIN 
Riegut HonoraBie Lorp Weir 
OrvILLe WRIGHT 


ELECTED 
Viscount SHipusawa. 1929 


.1921 
. 1882 
. 1898 

. 1886 
.1925 
. 1900 
.1897 


DIED 


1931 
1924 
1885 
1933 
1934 
1897 
1929 
1913 
1914 


1932 


LIVING HONORARY MEMBERS 


ELECTED 


Freperick 

.1911 
.1925 
.1928 


WILLIAM WALLACE ATTERBURY . 
MortTiMER Etwyn Cooter . 
CHARLES DE FREMINVILLE 
NATHANAEL GREENE HERRESHOFF . 
H®RBERT CLARK Hoover . 


1919 


. 1921 
. 1925 


"(1929 


. 1927 


1920 


.1931 
.1931 
.1918 
.1916 
. 1930 
. 1920 
. 1920 


1918 


— 

.1932 
4 .1900 
1928 
1893 
1933 

* 

1891 
1915 

1912 
1910 

1920 

1890 
1882 
1882 
1882 

vy 


ry . 
Iransactions was issued. 


secured. 


all deceased members of the Society appear. 


secured. 


the Society promptly of the deaths of members. 


further information should be furnished. 


OTTO ALBRECHT (1839-1933) 

Otto Albrecht, a member of the A.S.M.E. since 1884, died at the 
home of his daughter, Emma (Albrecht) Bieber, in Melrose Park, Pa., 
on May 20, 1933. Surviving him, in addition to Mrs. Bieber, is a 
second daughter, Marie (Albrecht) Wallace, of Cleveland, Ohio. 
His wife, Eliza (Renouf) Albrecht, whom he married in 1866, died 
in 1917. 

Mr. Albrecht was born at Abenrode, Germany, on January 11, 
1839, the son of Antonius Carl and Adelgunde (Schrader) Albrecht. 
He received his early education in Germany and after coming to the 
United States attended the Polytechnic College at Philadelphia, re- 
ceiving a B.S. degree in mechanical engineering in 1863. He then 
took a position as draftsman with Wm. B. Bement & Son, Philadel- 
phia, and was connected with this company and its successor, Bement, 
Miles & Co., for nearly fifteen years. After a number of years in 
consulting work he became associated with the Tindel-Morris Com- 
ing. Eddystone, Pa., with which he remained until his retirement 
in 20. 


CHARLES BRINGHURST ASHMEAD (1884-1933) 


Charles Bringhurst Ashmead was born on May 3, 1884, at Oil City, 
Pa., the son of Frank M. and Mary H. Ashmead. He attended a 
Pittsburgh, Pa., academy, and high school at Buffalo, N. Y. After 
working for a short time as a rodman for the Pennsylvania Railroad, 
he entered the University of Michigan in 1906 and studied mechanical 
engineering there for two years. 

During the first three years after he left the university Mr. Ash- 
mead worked for the Detroit Steel Products Company on forging, 
heat-treating, toolmaking, and general machine work; for the E. R. 
Thomas Motor Co., Buffalo, N.Y., in charge of experimental work 
in the construction of test cars; and for The American Shop Equip- 
ment Company, of Chicago, as resident engineer in charge of the 
erection of a heat-treating plant of The Continental ‘Motors Corpora- 


tion at Detroit. 


Memorial Notices 


This group of memorial notices contains records of members of the Society whose deaths oc- 
curred prior to 1934, but concerning whom material was not ready for publication when the 1933 
In fact, it is still necessary to delay the publication of obituaries of 
some twenty members who died in 1932 and 1933 because sufficient information has not been 


There are a number of sources from which biographical material concerning engineers may be 
secured, but the Transactions of the A.S.M.E. is naturally the only place in which obituaries of - 
Special care is therefore given to the preparation 
of these memorials and no obituary is published until as complete a record as possible has been 


The first source of information is the application file of the Society. 
have become members during recent years, the applications usually yield fairly complete records. 
The applications of those who became members in the early days of the Society are not as de- 
tailed, however, and these are the cases which often present considerable difficulty. The mem- 
ber may have been retired for some years prior to his death, so that business associates cannot be 
located, and in some cases members of his family cannot be found. 
slightest lead can even the main facts be assembled, and a long period may therefore elapse be- 
tween the time of a member’s death and the completion of his memorial. 

The Society appreciates the assistance that has been given by relatives, business associates, 
and friends in the preparation of these memorials. 
as Who’s Who in Engineering, Who’s Who in America, and similar publications; the National 
Cyclopedia of American Biography and New International Year Book; the technical and daily 
press; and to engineering and other societies which have supplied information from their records. 

Relatives, business associates, and Local Section and Student Branch officers are urged to notify 


form should be sent whenever available and the names and addresses of those who can*supply 


A special form for supplying complete details will be 
forwarded by the Office of the Society upon request. 
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In the case of those who 


Only by following up every 


It also acknowledges its debt to such sources 


Newspaper clippings or obituaries in any other 


From 1911 to 1914 he was a member of the Power Economy En- 
gineering Company, Cleveland, Ohio, selling and installing power- 
plant equipment. He then went to Pittsburgh as district manager 
for the Richardson-Phenix Company, of Milwaukee, Wis., lubrica- 
tion engineers and manufacturers subsequently known as S. F. 
Bowser Co., Inc. In 1922 he became vice-president and treasurer 
of The Ashmead-Danks Company, Cleveland, an incorporation for 
the sale and installation of complete power-plant equipment. Ill 
health forced his retirement after about four years in this position, and 
he had resided in California since then. His death occurred on June 
13, 1933. 

Mr. Ashmead became an associate of the A.S.M.E. in 1916, an 
associate-member in 1920, and a member three years later. He also 
had belonged to the Cleveland Engineering Society and the Engineers 
Society of Western Pennsylvania. He is survived by his mother and 
by a sister, Mrs. R. B. Hutchinson, of Pittsburgh, Pa. 


WALTER GEORGE BARCUS (1902-1933) 


Walter George Barcus was killed on August 29, 1933, in an airplane 
crash in Quay County, New Mexico. Since June, 1933, he had been 
employed by Trans-Continental & Western Air, Inc., as a co-pilot 
on the Kansas City-Albuquerque route. 

Mr. Barcus was born near Farmersburg, Ind., on October 20, 1902, 
a son of William Wesley and Lou D. (Harvey) Barcus. He prepared 
for college at the high school at Hymera, Ind., and received a B.S. 
degree in mechanical engineering at Purdue University in 1929. 
Following his graduation he was engaged in research for the Na- 
tional Advisory Committee for Aeronautics at Langley Field, Hamp- 
ton, Va., for a time and then attended the naval aviation training 
school at Pensacola, Fla. He was commissioned an ensign and in 
July, 1931, entered upon a year’s active duty in the U.S. Naval Air 
Force. He was stationed in the West Indies, Panama Canal Zone, 
and Virginia. During the school year of 1932-1933 he was a graduate 
student at the Guggenheim School of Aeronautics of New York Uni- 
versity. He was one of the naval reserve fliers ordered into the 
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search for survivors of the Akron in April, 1933. His early training 
in flying was secured at the Flying Cadets School at Brooks Field, 
San Antonio, Texas. 

Mr. Barcus was chairman of the A.S.M.E. Student Branch while 
attending Purdue University and became a junior member of the 
Society upon his graduation. He was a member of several fraterni- 
ties and clubs. 


JOHN SHELDON BARNES (1881-1933) | 


John Sheldon Barnes, president and general manager of the W. F ? 
& John Barnes Co., Rockford, Ill., died at his home there on Septem- 
ber 19, 1933. He is survived by his widow, Hope (Walker) Barnes, 
whom he married in 1907. 

Mr. Barnes was born on April 30, 1881, the son of Mary J. and 
John Barnes. His father was a pioneer in the machine-tool industry, 
beginning his business in 1868. Mr. Barnes was graduated from the 
Rockford High School and then attended Princeton University, from 
which he was graduated in 1905 with a civil engineering degree. 

After his graduation Mr. Barnes entered his father’s business, 
soon being made superintendent and continuing in that position for 
many years. He became president and general manager in 1924. 

Mr. Barnes designed drilling and boring machinery, lathes, and 
other special machinery and tools. He was a director of the Burd 
Piston Ring Company, Mattison Machine Works, and Liberty 
Foundries Company, and president of the Board of Trustees of Rock- 
ford College. He became a member of the A.S.M.E. in 1913 and also 
belonged to a number of clubs and to the National Association of 
Manufacturers. He was a member of the Congregational Church 
in Rockford. 


JAMES PHILIP BIRD (1866-1933) 


James Philip Bird, president of the J. Philip Bird Co., Inc., insur- 
ance engineers and brokers, Jersey City, N.J., and for many years 
president of the Manufacturers’ Assoc nee of New Jersey and its 
affiliated organizations, died on June 22, 1933, at his summer home 
in Plymouth, Mass. 

Mr. Bird was elected to his twenty-first consecutive term as presi- 
dent of the Manufacturers’ Association of New Jersey at its annual 
meeting in April,*1933. The following month, because of poor 
health, he asked to be relieved of all duties as trustee and president 
of the association and also as director and president of the New 
Jersey Manufacturers’ Casualty Insurance Company, New Jersey 
Manufacturers’ Association Fire Insurance Company, and New 
Jersey Manufacturers’ Association Hospitals, Inc. His resignation 
was accepted as of December 31, 1933. 

From 1908 until his resignation in 1921 Mr. Bird was general 
manager of the National Association of Manufacturers, whose head- 
quarters were in New York. He had been interested in the New 
Jersey association since its organization in 1910 and was elected to 
the presidency in 1913. Under his leadership the association grew 
from an initial membership of less than one hundred to a roster of 
some 4000, including representatives of every important manufac- 
turing interest in the State. 

Mr. Bird was one of the first in this country to advocate legislation 
on workmen’s compensation. His efforts in this direction took him 
to many of the North Central and Western states, and New Jersey, 
in 1911, was the first state to enact a workiaen’s compensation law. 
In 1923, when a committee was formed to investigate and recommend 
to the Legislature suitable legislative action upon industrial diseases, 
Mr. Bird was appointed a member of it by the Governor to represent 
manufacturing. 

Mr. Bird always manifested a keen interest in the relations between 
employers and employees and his opinions found expression in 1923 
in a suggested platform for New Jersey industry adopted at the an- 
nual convention of the Manufacturers’ Association of New Jersey. 
This statement, later known as ‘“The New Jersey Idea,’’ urged sani- 
tary and wholesome factories, fair working conditions for all employ- 
ees, an adequate wage, and industrial peace. Mr. Bird was chair- 
man of the New Jersey Industrial Council, formed in 1920, vice- 
president of the New Jersey Taxpayers’ Association, and director 
from 1927 to 1933 of the First Mechanics Bank of Trenton. In 
1923 he was decorated by the Polish Government with the Order of 
Polonia Restituta, in recognition of his part in the post-war organiza- 
tion of the American Polish Chamber of Commerce. 

James Philip Bird was born at Stratford-on-Avon, England, on 
August 13, 1866, the son of James Baker and Frances (Smith) Bird. 
He was educated in the public schools of Boston, Mass., and served 
an apprenticeship with the Brainard Milling Machine Company, 
Hyde Park, Mass. Following the completion of his apprenticeship 
he secured work as foreman with the Boston Blower Company in 
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Hyde Park and subsequently was superintendent for the Leckie 
Manufacturing Company, Boston, and general manager for the 
Hobbs Manufacturing Company, paper box manufacturers, Worces- 
ter, Mass. He remained withthe latter company for fifteen years, from 
1891 to 1907, and during this period developed several machines, 
later patented, for use in the manufacture of paper boxes. Fora year 
after leaving there he was general manager for the American Envelope 
Company, Dayton, Ohio. 

In 1912 Mr. Bird became treasurer of the Watson-Stillman Com- 
pany, New York, N.Y., and he served in that capacity for about six 
years. He had been president of the J. Philip Bird Co., Inc., since 
1922. He was receiver in equity for the United & Globe Rubber 
Corp., of Trenton, N.J., from 1923 to 1926 and was vice-president of 
the Riverside Steel Casting Company, Newark, N.J., for many years. 
He had also served as director of the International Engineering 
Works, Framingham, Mass., and General Re-Insurance Company, 
New York. 

Mr. Bird became a member of the A.S.M.E. in 1914. He enjoyed 
both golf and yachting and belonged to several country clube in 
Plainfield and Trenton and to the Plymouth Country and Pilgrim 
Yacht Clubs at Plymouth. He was a member of the Masonic frater- 
nity and an Episcopalian. Surviving him are his widow, Sarah L. 
(Allen) Bird, whom he married in 1891, and three daughters, Elsie 
Emery Bird and Mrs. W. Manning Barr, of Plainfield, and Mrs. 
James Muir Ralston, of Trenton. 


SAMUEL NOYES BRAMAN (1869-1933) 


Samuel Noyes Braman, for the.past ten years associated with the 
Simplex Wire & Cable Co., of Cambridge and Boston, Mass., died 
on December 5, 1933. 

Mr. Braman was born at West Newton, Mass., on August 4, 1869. 
He received an §.B. degree from the Massachusetts Institute of 
Technology in 1893 and during the next two years was surveyor and 
draftsman for the Associated Factory Mutual Fire Insurance Com- 
panies, at Boston. He then served a special apprenticeship in the 
drafting room and repair shop of the Boston & Maine Railroad. 

During the Spanish-American War Mr. Braman was a steam en- 
gineering draftsman at the United States Navy Yard, Boston. In 
1900 he became engineering salesman for the Westinghouse, Church, 
Kerr & Co. and was connected with that and related companies until 
1909. From then until 1923 he was factory manager for The Morse 
& Whyte Co., Cambridge, Mass., manufacturers of wire cloth. 

Mr. Braman became a junior member of the A.S.M.E. in 1902 and 
a member in 1915. He is survived by his widow, Ethel (Gilman) 
Braman. 


CARL JOHN BUSCHMANN (1903-1933) 


Carl John Buschmann was born on December 29, 1903, in New 
York, N.Y., the son of John C. and Katherine M. (Rosslein) Busch- 
mann. He prepared for college at the Stuyvesant High School, New 
York, and was graduated from Stevens Institute of Technology, 
Hoboken, N.J., in 1925, with a mechanical engineering degree. 

Since his graduation Mr. Buschmann had been employed by the 
Public Service Electric & Gas Co., Jersey City, N.J. After three 
years as a cadet engineer in the Gas Department he was appointed 
assistant to engineer. For about a year and a half he worked under 
the superintendent in one of the districts of the company and since 
then had been located in the division engineer's office, working on 
gas main design and construction until his death on November 3, 
1933. 

Mr. Buschmann became a junior member of the A.S.M.E. in 1925 
and was promoted to the grade of associate-member in 1932. He 
belonged to the honorary engineering fraternity, Tau Beta Phi. He 
is survived by his widow, Hedwig M. (Duehne) Buschmann, whom 
he married in 1928, and by a daughter, Virginia Elaine Buschmann. 


THOMAS MITCHELL CHANCE (1887-1933) 


Thomas Mitchell Chance, inventor of the sand flotation process 
for cleaning both anthracite and bituminous coals, died in Philadel- 
phia, Pa., on September 1, 1933. 

Mr. Chance was born on August 4, 1887, at Tarrytown, N.Y., the 
son of Henry Martyn and Lillie E. (Mickley) Chance. His maternal 
ancestors were prominent in the Colonial and Revolutionary Wars 
and were identified with the development of the iron industry from 
its inception in the United States. Mr. Chance entered the mining 
field at an early age, leaving the Class of 1905 at the University of 
Pennsylvania in his junior year to work in the mines of the Nevada- 
Eureka Mining Company, Eureka, Nev. Beginning as a black- 
smith’ 8 assistant and later being adv anced to miner and shift boss, 
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he secured a practical background for his later work as a member of 
the consulting firm of H. M. Chance & Co., mining engineers, Phila- 
delphia, with which he was associated from 1909 until his death. 
The Chance sand flotation process, marketed as the Chance Coal 
Cleaner, won for its inventor the Edward Longstreth Medal of The 
Franklin Institute. During the last ten years of his life Mr. Chance 
built many plants for the application of the process by coal mining 


- companies in the anthracite fields and also several in bituminous 


regions. Business acumen and inventive ability were both present 
in Mr. Chance to an unusual degree. He made many valuable con- 
tributions to the design and development of internal-combustion 
pumping machinery and during the World War specialized in the 
design, construction, and operation of gas manufacturing plants and 


shell filling plants at Edgewood Arsenal, in association with his 


brother, Lt-Col. Edwin M. Chance. 

Mr. Chance was stationed at Edgewood with the rank of Captain 
in the Ordnance Reserve Corps during the early part of 1918 and 
later was transferred to the Chemical Warfare Service as a Major. 
He was sent overseas in October, 1918, to make a tour of inspection 
of chemical plants of the British, French, and American forces. He 
was discharged with the rank of Major in the Officers’ Reserve Corps 
in January, 1919. 

Mr. Chance became a junior member of the A.S.M.E. in 1912 and 
a member in 1920. He was also a member of the American Institute 
of Mining and Metallurgical Engineers, the Mining and Metallurgi- 
cal Society of America, and the Coal Mining Institute, the Masonic 
fraternity, the Union League and Engineers Clubs of Philadelphia, 
as well as several yacht clubs. 

Surviving Mr. Chance are his parents and brother, his widow, 
Florence (Haag) Chance, whom he married in 1910, and a daughter, 
Florence Mitchell Chance. 


T. HERBERT CLEGG (1887-1933) 


T. Herbert Clegg, an electrical engineer for the Tennessee Valley 
Authority, Knoxville, Tenn., and an assistant to Llewellyn Evans, 
electrical engineer in charge of operations at Muscle Shoals, was 
killed in an automobile accident on November 20, 1933. 

Mr. Clegg was born at Primos, Delaware County, Pa., on Novem- 
ber 30, 1887, the son of Dr. Thomas D. and Sarah B. Clegg. His 
early education in Philadelphia grade and high schools was followed 
by a course in surveying at Temple University, Philadelphia, and 
later supplemented by a course in hydraulic engineering through the 
International Correspondence Schools and an evening course in elec- 
trical engineering at Drexel Institute, Philadelphia. 

In 1906 Mr. Clegg worked for a time as switchboard operator for 
the Philadelphia Rapid Transit Company and after finishing his 
course at Temple University he became an engineering assistant for 
the company, being engaged in an analysis of power-plant statistics 
and economics and assisting in the supervision of the operation of 
the power system. 

After leaving the company in 1917 Mr. Clegg entered the employ 
of the Atlantic Refining Company, Philadelphia, and for nearly a 
year was in charge of a new boiler house. He then became superin- 
tendent of power for the Northern Virginia Power Company at its 
Millville, W.Va., plants. He terminated this connection prior to 
a change in management in 1919 and subsequently became associated 
with O. M. Rau, power specialist for Mitten Management, Inc., 
Philadelphia, and assisted him in studies of the power systems of the 
International Railway Company, Buffalo, and the Philadelphia 
Rapid Transit Company. An investigation of pulverized anthracite 
fuel firing of boilers was also initiated and conducted under the super- 
vision of Mr. Clegg at one of the plants of the Philadelphia Rapid 
Transit Company. Upon the completion of this investigation in 
1921 Mr. Clegg continued to serve the company as power engineer 
and also was special engineer for Mitten Management, Inc. He 
established a consulting engineering office in Philadelphia in 1931, 
specializing in power project problems. He went to Knoxville only 
about a month before his death. 

Mr. Clegg became a member of the A.S.M.E. in 1923 and also be- 
longed to the American Institute of Electrical Engineers, American 
Electric Railway Association, and the National Electric Light Asso- 
ciation (now Edison Electric Institute). He had served the Engi- 
neers Club of Philadelphia as director and as chairman of its finance 
committee. 


GEORGE FRANCIS COLE (1884-1933) 


George Francis Cole, chief engineer and general manager for The 
Electric Supply Company of Victoria Limited at Bendigo and Balla- 
rat, Victoria, Australia, was fatally injured in an automobile accident 


at Bendigo on May 25, 1933 
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Mr. Cole was born on November 8, 1884, at Balnarring, Victoria, 
Australia, and secured his early education there, later attending the 
Melbourne Technical College for two years. He entered the em- 
ploy of The Electric Supply Company of Victoria Limited in 1904 
as assistant engineer and station superintendent and became resident 
engineer in 1908. He was subsequently appointed local manager 
and in 1930 he succeeded to the general managership of the company 
on the death of P. J. Pringle. 

Mr. Cole became a member of the A.S.M.E. in 1924. He also be- 
longed to the Institution of Electrical Engineers, London, and The 
Institution of Engineers, Australia. 


PALMER COLLINS (1878-1933) 


Palmer Collins, consulting engineer, Cedar Grove, N.J., died 
suddenly of heart disease on October 23, 1933. 

Mr. Collins was born at Pittsburgh, Pa., on October 5, 1878, the 
son of Henry Eaton and Amelia (Young) Collins. He attended the 
Shady Side Academy at Pittsburgh, Pa., and was graduated from 
the University of Pittsburgh with a mechanical engineering degree 
in 1899. 

For nearly twenty years Mr. Collins was employed by the American 
Steel & Wire Co. He was located in the drafting room and steam 
engineering department of the Shoenberger Works of the company 
at Pittsburgh for the first few years, then became district engineer 
for both the Pittsburgh and Worcester districts. He supervised a 
large number of boiler and engine tests, and the design and installa- 
tion of boilers, engines, and turbines in the various plants of the 
company. In 1912 he became assistant superintendent of the South 
Works, at Worcester, where he remained about six years. During 
the next six years he was connected with the Danner Steel Company, 
Buffalo, N.Y., as steam engineer, Perin & Marshall, New York, 
N.Y., and the Wickwire Spencer Steel Corporation, New York, 
and since then had engaged in consulting work. 

Mr. Collins became a member of the A.S.M.E. in 1916. He was 
a 32d degree Mason and a member of St. James Episcopal Church, 
Upper Montclair, N.J. He is survived by his widow, Amy Y. 
Collins, and by three daughters and three sons. , 


CHARLES FRANCIS CONN (1872-1933) 


Charles Francis Conn, secretary and treasurer of The J. G. White 
Engineering Corporation, New York, N.Y., died at the Engineers’ 
Club, New York, on October 19, 1933. He had been associated with 
the Corporation and its predecessor, J. G. White & Co., Inc., since 
1907. 

Mr. Conn was born at Kenosha, Wis., on May 26, 1872, the son of 
Adna C. and Millicent (Colony) Conn, but spent his childhood in the 
South, attending school at Atlanta, Ga., and elsewhere in that sec- 
tion. After two years at the Georgia School of Technology, Atlanta, 
he entered the employ of the Thomson-Houston Electric Company, 
serving an apprenticeship and later becoming construction superin- 
tendent of the Isolated Lighting Department, Atlanta. He engaged 
in electrical construction work in the South under his own name in 
1895 and 1896 and was assistant superintendent of operation of the 
electrical power plant for the Cotton States and International Expo- 
sition at Atlanta during the latter part of 1895. 

In June, 1896, Mr. Conn left the South, taking a position as con- 
struction foreman in the Electrical Department of the Flatbush Gas 
Company, Brooklyn, N.Y., where he remained until early in 1898. 
He then became superintendent of the Yonkers (N.Y.) Electric Light 
& Power Co., but in August of the following year he returned to the 
Flatbush Gas Company, becoming superintendent of its Electrical 
Department in 1900, and remaining in that position for three years. 

From February, 1903, until he became associated with J. G. White 
& Co., Inc., in 1907, Mr. Conn was special engineering representative 
of the Transformer Department of the General Electric Company, 
Schenectady, N.Y. During the first two years with the White 
organization, he was assistant engineering manager in the New York 
office. He then was transferred to the San Francisco office as assis- 
tant manager, later becoming manager, in charge of the electrical, 
hydraulic, civil, and mechanical departments. Under his direction 
extensions were made to a number of hydroelectric plants on the 
Pacific Coast, an electric interurban railway, about ninety miles long, 
was built between Oaklar@i and Sacramento, Calif., and financial and 
technical reports and valuations were made for many of the principal 
public utility properties in California. 

Mr. Conn returned to the New York office in 1916 in the capacity 
of secretary and treasurer of the company. 

Mr. Conn became a member of the A.S.M.E. in 1916, was a Fellow 
of the American Institute of Electrical Engineers and a member of 
the American Society of Civil Engineers, and belonged to the Engi- 
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neers’ Clubs in New York and Brooklyn, and the City Midday Club, 
New York. 


GEORGE B. CONRATH (1868-1933) 


George B. Conrath, president and general manager of The Protane 
Corporation, Erie, Pa., was born in that city on June 15, 1868, the 
son of Herman J. and Catherine Conrath. After attending a local 
technical school he served an apprenticeship as a patternmaker at 
the Nagle Engine & Boiler Works from 1884 to 1888 and subse- 
quently was foreman of the pattern shop for two years, draftsman 
for eight years, and superintendent of the works from 1898 to 1915. 
He then was appointed general manager of the Nagle Corliss Engine 
Works (now the Nagle Machine Company), with which he was 
associated until 1919. From then until 1931 he was an executive 
of the Erie Forge & Steel Co. He was with The Protane Corporation 
from that time until his death on November 15, 1933. 

Mr. Conrath became a member of the A.S.M.E. in 1907, and 
served as chairman of the Erie Local Section in 1929-1930. He was 
water commissioner for the city of Erie from 1930 to 1933. He is 
survived by his widow, May M. Conrath, whom he married in 
1901, and by two sons, Walter J., and Herman L. Conrath. 


LEWIS WARRINGTON COTTMAN (1872-1933) 


Lewis Warrington Cottman, president of The Cottman Company, 
Baltimore, Md., was born in that city on September 23, 1872, the son 
of James Hough and Carey (Chubb) Cottman. He had some early 
practical experience as a rodman with the U.S. Coast and Geodetic 
Survey and as draftsman for the Baltimore City Passenger Street 
Railway. 

After completing a course in electrical engineering at Johns Hop- 
kins University in 1894 he spent three years as inspector and assistant 
engineer on the Baltimore Police and Fire Alarm Telegraph Subway. 
During the next year he helped to design and erect an electric lighting 
plant for the Baltimore City Water Department's pumping station 
and designed electric plants for the Baltimore Harbor fortifications 
of the Corps of Engineers, U.S.A. 

In the fall of 1898 Mr. Cottman became assistant superintendent 
of The Palmetto Phosphate Company, Baltimore, and two years 
later was advanced to the position of superintendent and chief engi- 
neer. This company engaged in the mining of phosphate by a hy- 
draulic process, the mines being located at Tiger Bay, Polk County, 
Fla. Mr. Cottman directed the design of pumping and electric sta- 
tions, and also machinery and other equipment for nearly twenty 
years. 

During the World War he was commissioned a Major in the Gas 
Defense Division of the Chemical Warfare Service and was assigned 
to the Astoria, Long Island, Detachment. 

Mr. Cottman became vice-president of the Clarence Cottman 
Company in 1919, a member of the firm of J. H. Cottman & Co., in 
1924, and president of The Cottman Company in 1931. His death 
occurred at his home on November 4, 1933. 

Mr. Cottman had been a member of the A.S.M.E. since 1912, and 
belonged to a number of clubs in Baltimore and vicinity. He is sur- 
vived by his widow, Mary (Howard) Cottman, whom he married in 
1908, and by one daughter. 


ALBERT COTTON (1899-1932) 


Albert Cotton, who became a junior member of the A.S.M.E. in 
1926, died at his home in Philadelphia, Pa., on May 5, 1932. Mr. 
Cotton was born at Chester, Pa., on November 15, 1899, the son of 
James B. and Laurene (Brannon) Cotton. He attended the Chester 
High School and was graduated from the mechanical engineering 
course at Drexel Institute in 1926. 

From 1917 to 1921 Mr. Cotton was employed by the Penn Sea- 
board Steel Corporation, at the Chester Works, advancing from 
tracer to assistant to the chief draftsman. During the following 
year he was a templet maker for Wm. Cramp & Sons Ship & Engine 
Building Co. Since then he had been with the Westinghouse Elec- 
tric & Manufacturing Co., as turbine engineer, at the South Philadel- 
phia and Lester works. 

Mr. Cotton is survived by his widow, Helen (Taylor) Cotton, 
whom he married in 1919, and by a son, Ffank Albert Cotton. 


SAMUEL DEWEY OUSHING (1870-1933) 


Samuel Dewey Cushing, who individually and in association with 
John B. Semple invented notable ordnance matériel prior to and dur- 
ing the World War, died on December 7, 1933, at his home in New 
York, N.Y. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Mr. Cushing was born in Austin, Texas, on May 16, 1870, the son 
of Brigadier-General S. T. and Kate V. (Dewey) Cushing. His 
early education was secured in private schools at Washington, D.C., 
and other points at which his father was stationed. He was gradu- 
ated from the mechanical engineering course at Lehigh University in 
1892, and after taking a training course at the General Electric Com- 
pany, Schenectady, N.Y., spent five years in electrical work as super- 
intendent of the Chicago Insulated Wire Company and assistant 
superintendent of the Binghamton General Electric Company, at 
Binghamton, N.Y. 

From 1898 to 1905 he was connected with the Southern Railway 
Company. After a short time in its inspection and testing depart- 
ment he was appointed chief inspector and later signal and electrical 
engineer of the company. He designed and constructed the power 
equipment of the Spencer and Sheffield shops and designed a block 
signal system from Washington, D.C., to Orange, Va. 

Mr. Cushing’s association with Mr. Semple dated from 1905. 
Three years later Mr. Cushing went abroad to introduce their in- 
ventions and apply them to ordnance use in various countries, and 
made his headquarters in London until the outbreak of the World 
War in 1914. He then returned to the United States and was made 
vice-president and managing director of John B. Semple & Co., 
Sewickley, Pa., continuing in the development with Mr. Semple of 
new devices for ordnance work. Among their inventions were a 
special fuse and the tracer bullet. 

Mr. Cushing retired after the War, when the company was dis- 
solved, and had resided since then at New York and Stamford, 
Conn. He was a member of the Cosmos and Chevy Chase Clubs, 
Washington, D.C., the Allegheny and Country Clubs, Pittsburgh, 
the University, New York Yacht, Calumet, Union League, and 
Engineers’ Clubs, New York, and the Blind Brook, Woodway 
Country, and Stamford Yacht Clubs. He was elected to member- 
ship in the honorary engineering fraternity, Tau Beta Phi, while 
at the University, and had been a member of the A.S.M.E. since 
1918. He is survived by his widow, Mrs. Mary (Shinn) Cushing, 
whom he married in 1905, and by a son, John D. Cushing. _ 


Professor William Jay Dana, who was in charge of the courses in 
mechanical engineering at Duke University, Durham, N.C., died on 
October 14, 1933, at the Duke Hospital. He had joined the faculty 
of Duke University in the fall of 1932. 

Professor Dana was born in Philadelphia, Pa., on August 31, 1885, 
the son of Stephen Winchester and Eleanor (Crocker) Dana. He 
prepared for college at the William Penn Charter School and was 
graduated from the University of Pennsylvania with a B.S. degree 
in mechanical engineering in 1907. The University conferred a 
Master’s degree in mechanical engineering upon him in 1923. 

After a three-year apprenticeship at the Baldwin Locomotive 
Works, Professor Dana returned to the University of Pennsylvania 
for the school year 1910-1911 as instructor in the mechanical engineer- 
ing laboratory: During the next two years he was chief clerk to the 
traffic engineer of the Bell Telephone Company of Pennsylvania. 
From 1916 to 1918 he was an instructor in the mechanical engineering 
department at Johns Hopkins University, after which he spent a 
year each with the Chesapeake & Potomac Telephone & Telegraph 
Co., Washington, D.C., as trunk engineer, and with the Goodyear 
Tire & Rubber Co., Akron, Ohio, as checker in its Machine Design 
Division. 

Since 1920 Professor Dana had remained in the teaching profession, 
having been professor of experimental engineering and associate 
professor of mechanical engineering at the North Carolina State 
College, in charge of its mechanical engineering laboratory, until he 
went to Durham. 

During summer vacations he had worked for the Elliott Company, 
Jeannette, Pa.; Westinghouse Electric & Manufacturing Corp., at 
Detroit, Mich.; Columbia Engineering & Management Corp., 
Cincinnati, Ohio; Atmospheric Nitrogen Corporation, Hopewell, 
Va.; and Wheeler Condenser & Engineering Corp., New York. 

Professor Dana became an associate-member of the A.S.M.E. in 
1918 and a member three years later. He was appointed a member 
of the Executive Committee of the Raleigh Section for the term 
1933-1934 and was president of the North Carolina Society of En- 
gineers at the time of his death. He was a member of the Mayflower 
Society and the Society of Cincinnati, and a Presbyterian. He pre- 
pared a laboratory manual for the North Carolina State College and 
had made contributions to the technical press. He was a violinist 
and interested in stamp collecting. 

Surviving Professor Dana are his widow, Mrs. Rhea B. Dana, and 
two children, a daughter, Rhea Eleanor, and a son, Stephen Win 
chester Dana. 


WILLIAM JAY DANA (1885-1933) 
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WILLARD THOMAS DAVIS (1881-1933) 


Willard Thomas Davis, chief engineer of the Oregon State Hospi- 
tal, Salem, Ore., died on September 13, 1933. Mr. Davis was born 
at Elizabeth, Minn., on November 8, 1881, the son of James Nelson 
and Belle (Robertson) Davis. He supplemented his early education 
with engineering and building courses through the International 
Correspondence Schools and took the position of assistant engineer 
at the Oregon State Hospital in 1905. He held a similar position in 
connection with the Portland Hotel and Y.M.C.A. Building in Port- 
land in 1909 and 1910, and spent the remainder of his life with the 
Oregon State Hospital, being made chief engineer in 1918. He also 
served as consulting engineer to the Oregon State Board of Control 
on the mechanical problems of the smaller state institutions. 

Mr. Davis also completed a two-year course in modern business 
and service given by the Alexander Hamilton Institute and a course 
in refrigeration through the National Association of Practical Re- 
frigerating Engineers. He took extension classes in physics con- 
ducted by professors from Oregon State College in Salem and Cor- 
vallis. As the result of his courses in architecture and in topographi- 
cal engineering he was able to draw the plans for the most of the new 
buildings erected for the State Hospital and also for other institutions, 
and he made all the topographical surveys for extensive drainage 
projects at the Cottage Farm. He had completed the plans for and 
was engaged in putting all the electric wiring at the State Hospital 
underground and had prepared valuable maps of the grounds and of 
the underground water systems of the hospital. A spark arrester 
consisting of a series of baffle plates had been designed by him and 
installed at the Cottage Farm, and at the time of his death he was 
working on a formula for a boiler cleansing compound. 

Mr. Davis became an associate-member of the A.S.M.E. in 1925 
and was secretary and treasurer of the Oregon Section in 1926-1927. 
He had held several high offices in the Masonic fraternity. He is 
survived by his widow, Mrs. Sadie (Carpenter) Davis, whom he mar- 
ried in 1907, and by a daughter, Edith Belle Davis, and a foster 
daughter, Dora Gaylord 


SIDNEY PHILIP DE LEMOS (1887-1933) 


Sidney Philip De Lemos, mechanical engineer for the Department 
of Public Works of the Borough of Manhattan, New York, was fa- 
tally injured on December 23, 1933, when thrown from a horse in 
Van Cortlandt Park in that city. 

Mr. De Lemos was born in New York on June 25, 1887, the son of 
Max and Bertha (Manheimer) De Lemos, and was educated there, 
receiving a B.S. degree from Cooper Union in 1909 and an M.E. in 
1914, and a civil engineering degree from the Polytechnic Institute 
of Brooklyn in 1912. He had been connected with the city’s public 
works department since the fall of 1911 and prior to that had worked 
as rodman and draftsman for the New York, New Haven & Hartford 
R.R., on drainage and fire protection systems for Grand Central 
Terminal, and for three years was draftsman for the Brooklyn Bu- 
reau of Sewers. 

His duties in the Department of Public Works from 1911 to 1917 
and since the War related chiefly to power plants and mechanical 
equipment in buildings under the jurisdiction of the president of the 
Borough of Manhattan. He was responsible for the preparation of 
designs and specifications for contracts and orders for repairs, altera- 
tions and new installations of mechanical equipment; supervised 
work done under contracts and orders as well as operation and repair 
work by the engineer forces of the city; estimated coal and fuel-oil 
requirements for public buildings and offices and kept records of de- 
liveries and consumption; estimated costs for mechanical equipment 
and prepared data for appropriations and budgets; and designed 
and supervised the construction and maintenance of swimming pools 
in various public baths. At the time of his death he was helping to 
direct the construction of the City Building at Centre and Lafayette 
Streets, the heating system of which he designed, and was engaged 
in a study of the mechanical plants for public buildings and offices 
looking toward their modernization in order to secure greater effi- 
ciency. He was also making studies of unit costs of the operation 
and maintenance of such buildings. 

Mr. De Lemos was commissioned a captain in the Corps of Engi- 
neers, U.S.A., in 1917 and placed in charge of engineer supplies for 
the First Army. Later he saw active service in the Meuse-Argonne 
drive and the Defensive Sector. After the War he served on a com- 
mittee on War Damages in Allied Countries, under the American 
Commission to Negotiate Peace, in charge of an investigation of in- 
land waterways in France. He was discharged in May, 1919, with 
the rank of Major in the 439th Engineer Battalion of the Reserve 
Corps. He was president of the New York Post of the Society of 
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American Military Engineers and a member of the Military Order 
of the World War and of the Army and Navy Club. 

Mr. De Lemos became an associate-member of the A.S.M.E. in 
1914 and a member in 1919. He is survived by his widow, Catherine 
C. (Lawler) De Lemos, whom he married in 1926, and by his mother. 


JOHN MEIGGS EWEN (1859-1933) 


John Meiggs Ewen, a member of the A.S.M.E. since 1887, died 
at the home of his daughter, Marjorie (Ewen) Simpson, Chevy Chase, 
Md., on December 19, 1933. He is also survived by a son, John M. 


Ewen, of Hermosa Beach, Calif., and by his widow, Grace (Patterson) 


Ewen, whom he married in 1888. 

Mr. Ewen was born at Newtown (now Elmhurst), Long Island, 
N.Y., on September 3, 1859, the son of Warren and Sarah (Faulkner) 
Ewen. He studied engineering at the Stevens Institute of Tech- 
nology, Hoboken, N.J., from 1876 to 1879, and spent the next few 
years with the J. B. & J. M. Cornell Iron Works, New York, N.Y., 
making drawings and superintending the erection of buildings and 
elevated railways in that city and Washington, D.C. He then went 
to Chicago, where for many years he engaged in architectural engi- 
neering. He was chief engineer for the firm of Burnham & Root 
during the early days of the development of steel-frame buildings 
and subsequently took part in the formation of the George A. Fuller 
Construction Company and served as its vice-president. He also 
was associated with William L. Jenney in architectural work. 

In 1898 Mr. Ewen went to London to perfect and put on the market 
the Luxfer prism. After an extended stay there he returned to Chi- 
cago in 1904 and became vice-president of the Thompson-Starrett 
Company. Three years later he established the firm of John M. 
Ewen Co., engineers and builders, in Chicago, and served as its presi- 
dent until 1916. From then until 1919, when he went to Paris in 
connection with work of the French American Constructive Corpora- 
tion, he was engaged in consulting work in New York, and he con- 
tinued in that work after his return from France until failing health 
forced his retirement. 

Among the buildings on which Mr. Ewen was engaged as consult- 
ing or supervising engineer, contractor, or builder are many of the 
largest in Chicago, ranging in cost from half-a-million to six million 
dollars. They include civic and public service buildings, banks, 
department stores, hotels, theaters, and hospitals. Kansas City 
contains several of his structures, and St. Louis, San Francisco, 
Cleveland, Toronto, Minneapolis, Winnipeg, and Atlanta are among 
other cities to which he was called. “a** 


CHARLES OSCAR FARRAR (1867-1933) 


Charles Oscar Farrar, whose death occurred at West Medford, 
Mass., on November 26, 1933, was born on March 12, 1867, at Charles- 
ton, Mass., the son of Washington Lafayette and Charlotte 
(Moore) Farrar. He prepared for an engineering course at the 
Massachusetts Institute of Technology but was unable to take it 
because of illness. After graduation from the English High School 
at Boston in 1884 he took a position in the drawing room of the 
Whittier Machine Company, Roxbury, Mass., with which he was 
connected for twenty years. He was made superintendent of the 
shop at South Boston in 1897 and was in charge of the design, con- 
struction, and erection of steam, belt, hydraulic, and electric eleva- 
tors, special machinery, and hydraulic and electric plants. 

For ten years beginning in 1907 Mr. Farrar was connected with 
the Otis Elevator Company, first as superintendent of the shop at 
South Boston, and later as superintendent of construction at Boston. 
He invented a pilot valve and an automatic stop valve, both for use 
on hydraulic elevators. Since 1918 he had been assistant superin- 
tendent of the Engineering and Inspection Department of the United 
States Branch, at Boston, of The Employers’ Liability Assurance 
Corporation, Limited, of London. 

Mr. Farrar became a member of the A.S.M.E. in 1902. He be- 
longed to the Masonic fraternity and the Independent Order of Odd 
Fellows and was affiliated with the Universalist Church. He is sur- 
vived by his widow, Mabel G. (Churchill) Farrar. 


RICHARD FITZ-GERALD (1884-1933) 


Richard Fitz-Gerald, resident partner at Detroit, Mich., of the 
firm of Lybrand, Ross Bros. & Montgomery, accountants and audi- 
tors, died on July 30, 1933. The heart attack which caused his 
death was one of severa! he had suffered, said to have been the re- 
sult of World War injuries. 

Mr. Fitz-Gerald was born in the town of Mallow, County Cork, 


Treland, on September 17, » 1884. He attended ded public school in Cork, 
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Ireland, and later was a student in a private school in Madras, India, 
where his father was stationed for several years as agent of the East 
India Company. He then served an apprenticeship in the British 
Navy, traveling extensively in Oriental waters and visiting many 
points in India and China. For a season he was a member of a civil 
engineering crew, and was surveying in the interior of China at the 
time and in the vicinity of the Boxer rebellion. These early experi- 
ences contributed greatly to that fund of knowledge which made 
him an unusually interesting conversationalist. 

Upon his return to Ireland Mr. Fitz-Gerald attended Queen’s 
College, University of Dublin, and the Royal Naval Academy, where 
he received a degree in mechanical engineering. After coming to 
the United States in 1905 he attended Columbia University, from 
which he received a Bachelor of Arts degree and later a Bachelor of 
Science degree. In 1911 he passed the New York certified public 
accountant’s examination and in 1920 obtained a certified public 
accountant’s certificate from the State of Michigan. 

Before becoming associated with the accounting profession and 
during his service in the British Navy, Mr. Fitz-Gerald was engaged 
as an engineer in charge of construction of the Singapore Canal at 
Singapore, Federated Malay States, which was built by the British 
Government. When the World War broke out he enlisted in the 
British Army and was assigned to the Special Service Section (1915— 
1916) with the rank of Captain. His duties, part of which consisted 
in the checking of paymasters’ and quartermasters’ records, took 
him within the line of fire, and in one action he was severely gassed, 
wounded by high explosives, and left for several hours in No Man’s 
Land. Released from the hospital, he served as general auditor for 
the United States National War Work Council of the Y.M.C.A. 
during 1918 until the close of the war. 

Mr. Fitz-Gerald’s early experience in the accounting field was 
gained in the offices of Suffern & Son and Homer S. Pace in New York. 
Later, for several years, he practised individually and as a member of 
the firm of Eckes, Fitz-Gerald & Dean, in New York. In 1919 he 
became a member of the New York organization of Lybrand, Ross 
Bros. & Montgomery. The following year the Detroit office was 
opened under the management of Mr. Fitz-Gerald. In 1930 he be- 
came a resident partner of the firm. 

Mr. Fitz-Gerald conducted studies of a great variety of accounting 
and production problems in this country and also in Europe. Typi- 
cal of his early assignments were the following: Walpole Tire & Rub- 
ber Co., Walpole, Mass., rearrangement of machinery; David H. 
Ott Co., Paterson N.J., construction of factory and installation of 
machinery; Shulte & Co., London, production of rubber goods and 
small metal parts; National Conduit & Cable Co., New York, 
stimulation and standardization of production, rearrangement of 
machinery, cost and production records; Cohoes Gas Light Company, 
Cohoes, N.Y., revision of production methods and introduction of 
labor-saving machinery. His knowledge was brought to bear on 
problems peculiar to the automotive indusiry, and as treasurer and 
also a director of the Stinson Aircraft Corporation, which he helped 
to organize, he made important contributions to the development 
of aviation. He was widely recognized as an economist and during 
recent years had contributed extensively to publications in the ac- 
counting field, his articles dealing with various economic problems 
and accounting methods and practices. 

Mr. Fitz-Gerald became an associate of the A.S.M.E. in 1919. 
He was a member of the American Institute of Accountants, Ameri- 
can Society of Certified Public Accountants, Michigan Association 
of Certified Public Accountants (and its president during the year 
1928), The New York State Society of Certified Public Accountants, 
American Arbitration Association, Detroit Engineering Society, 
Detroit Athletic Club, Oakland Hills Country Club, and the Detroit 
Board of Commerce, of which he was director during 1931-1932. 

In 1909 Mr. Fitz-Gerald married Elizabeth O’Connor, who sur- 
vives him, together with a son, Daniel M. Fitz-Gerald, who was as- 
sociated with him in the Detroit office, and his mother, still residing 
in Mallow, Ireland. A daughter, Maeve, died in 1930, at the age 
of sixteen. 


MORRIS FORTUIN (1875-1933) 


Morris Fortuin, general manager of the Northern Division of the 
Pennsylvania-Dixie Cement Corporation, Nazareth, Pa., died at his 
summer home on the Delaware River, near DePue’s Ferry, on Au- 
gust 22,1933. Mr. Fortuin was born on January 1, 1875, at Lochem, 
Holland. He came to New York, N.Y., at the age of six with his 
parents, David and Rosalie Fortuin, and attended the public schools 
of that city until he was eleven years old. Later he took mechanical 
engineering courses through the International Correspondence 
Schools. 

Mr. Fortuin spent two years in charge of construction work for 
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the contracting firm of Moore, Dudley & Hodge, New York, and 
early in 1898, when the Beach’s Rosendale Cement Company was 
merged into the Pennsylvania Cement Company, he entered the em- 
ploy of the latter. He was made works manager of the plant at 
Bath, Pa., in 1905 and rose to the position of general manager and 
vice-president. When the company was merged into the Pennsyl- 
vania-Dixie Cement Corporation in 1926, he was appointed general 
manager of the Northern Division. 

Mr. Fortuin had resided in Nazareth for many years and was a 
director of the Nazareth National Bank & Trust Co., the Peoples 
Coal & Supply Co., and the Universal Gas & Oil Co. there. He had 
served on the Borough Council of Nazareth and was chief burgess 
of the town from 1918 to 1922. He was influential in securing a 
Y.M.C.A. building for Nazareth and had been a member of the 
board of directors for the building since its erection, part of the time 
president of the board. He belonged to the Christ Reformed Church 
at Bath, and to the Easton, Pa., lodges of the fraternal orders of Elks 
and Odd Fellows. He took great pleasure in hunting and fishing 
and was proud of his trophies and hunting dogs. 

Mr. Fortuin became a member of the A.S.M.E. in 1914 and was 
greatly interested in safety work. He attended many of the meet- 
ings of the National Safety Council and was a past-president of the 
Lehigh Valley Safety Council. 

Surviving Mr. Fortuin are his widow, Mrs. Bertedna (Winkleman) 
Fortuin, whom he married in 1902, and two sons and a daughter, R. 
B. Fortuin and Catherine Fortuin, of Nazareth, and David Fortuin 
of Ithaca, N.Y., as well as four grandchildren and several brothers 
and sisters. 


ERIC THORGNY FRANZEN (1890-1933) 


Eric Thorgny Franzen, president of the Shu-Milk Products Corpo- 
ration and of Franklin Williams, Inc., Orange, N.J., died on August 
15, 1933. Mr. Franzen was born in New York, N.Y., on April 12, 
1890, the son of John E. Frazen. He attended the Barringer High 
School in Newark, N.J., and was graduated from Worcester Poly- 
technic Institute in 1913 with a B.S. degree in electrical engineering. 

Following his graduation Mr. Franzen worked for a year as a cadet 
engineer with Henry L. Doherty & Co., New York, and a year in the 
experimental engineering department of the Otis Elevator Company 
in that city. He became treasurer of Franklin Williams, Inc., in 
1915 and president three years later. He had been president of the 
Shu-Milk Products Corporation since March, 1933. 

Mr. Franzen became a member of the A.S.M.E. in 1931 and be- 
longed to the Newark Athletic Club and Maplewood Country Club 
and to the Prospect Presbyterian Church in Maplewood. He is 
survived by his widow, L. M. (Dieffenbach) Franzen, whom he mar- 
ried in 1915, and by two sons, John E. and Eric T. Franzen, Jr. 


PHILETUS WARREN GATES (1857-1933) 


Philetus Warren Gates, one of the early builders of heavy ma- 
chinery in the Middle West, died at the Presbyterian Hospital, 
Chicago, Ill., on November 7, 1933. 

Mr. Gates was born in Chicago on June 23, 1857, the son of Phile- 
tus Woodworth and Abigail E. (Scoville) Gates. He was educated 
at the Williams Academy, Lake Geneva, Wis., and Todd’s Seminary, 
Woodstock, Ill. He also served an apprenticeship as a pattern- 
maker with Fraser and Chalmers and P. W. Gates Sons Co. 

In 1875 he became manager, and later was the proprietor, of the 
Gault House, in Chicago, built by his father. He entered the manu- 
facturing field in 1887 as superintendent of the Gates Iron Works, sub- 
sequently becoming vice-president and then president of the com- 
pany. When it was absorbed by the Allis-Chalmers Company in 
1901 he was retained to direct operations. He became third vice- 
president and general superintendent of all the works, with which he 
was connected until 1904. 

From 1908 to 1922, when he retired, Mr. Gates was president of 
the Hanna Engineering Works, Chicago. He was president of the 
Mumford Moulding Machine Company from 1914 until its dissolu- 
tion in 1929, and president of The Q M S Co. from 1914 until its 
charter was allowed to lapse in 1919. 

Mr. Gates is credited with the invention of the gyratory rock 
crusher. He served for a time as president of the South State Street 
Improvement Association, was the first president of the National 
Founders Association, and was a director of E. L. Lobdell & Co., Inc., 
and the Republic Realty Mortgage Corporation of Chicago, and the 
Great Lakes Engineering Works, Detroit, Mich., as well as of the 
Hanna Engineering Works. 

Mr. Gates became a member of the A.S.M.E. in 1902, served as 
vice-president from 1906 to 1908, and was a member of the 1914 
Nominating Committee. His clubs included the Union League, the 
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Evanston, and Westmoreland Country Clubs. He resided at the 
Orrington Hotel, Evanston. 

Surviving Mr. Gates is his widow, Phimelia (Winter) Gates, whom 
he married in 1880. 


GEORGE PARLEY GILMORE (1872-1933) 


George Parley Gilmore, who died on August 12, 1933, was born at 
Springfield, Mass., on May 1, 1872, the son of John Russell and Nellie 
(Hitchcock) Gilmore. He attended public schools in Holyoke, 
Mass., and in 1890 began an apprenticeship as a machinist with the 
Merrick Thread Company of that city. After completing his train- 
ing he worked for a time on thread-finishing machinery for the com- 
pany and in 1894 took a position in the office of Samuel M. Green, 
mechanical engineer, Holyoke, with whom he remained for four years. 
From 1899 to 1910 he was local engineer at Fall River, Mass., for 
the American Thread Company, testing power apparatus, designing 
power plants, and erecting new mills. In 1911 and 1912 he was power 
and equipment engineer for the First National Bank Building, Fall 
River, and from then until his retirement in 1931 was mechanical and 
plant engineer for the American Printing Company, Fall River. 

Mr. Gilmore served as a member of the Board of Advisory Engi- 
neers for New England in the United States Fuel Administration 
from June 1, 1918, to January 15, 1919. He had been a member of 
the A.S.M.E. since 1909 and belonged to the Southern New England 
Textile Club and to several social and sport clubs, and held the 32d 
degree in the Masonic fraternity. He was affiliated with the Bap- 
tist Church. 

Since his retirement Mr. Gilmore had lived at North Stonington, 
Conn. He is survived by his widow, Effiejen (Palmer) Gilmore, 
whom he married in 1903, and by two children, Effie Eleanor and 
Parley C. Gilmore. mr 

KATE GLEASON (1865-1933) 


Kate Gleason, who was the first woman to be elected a member of 
the A.S.M.E., died of pneumonia at the Genesee Hospital in Rochester, 
N.Y., on January 9, 1933. Miss Gleason was also the first woman 
to become a member of the Verein deutscher Ingenieure. 

She was born in Rochester on November 25, 1865, the daughter of 

Ellen (McDermot) Gleason and William Gleason, proprietor of a 
tool and gear shop. She attended the Nazareth Convent, Rochester, 
and the public schools of that city and in 1884 entered Cornell 
University to study mechanical engineering. Before the first year 
was over, however, she returned home to help her father in his 
business, with which she was already familiar, having begun at the 
see of eleven to assist him in his bookkeeping. In a day when 
women in the field of engineering were rare, she started out on the 
Toad to sell the company’s products. She devoted years to opening 
up new markets for them, not only in the United States but in many 
_ foreign countries. She saw the value of specialization and persuaded 
her father to drop the making of lathes and other tools in order to 
- concentrate on the gear cutters which he had invented and developed. 
_ She was secretary and treasurer of the Gleason Works from 1890 un- 
—til1913. As the business expanded, new buildings became necessary. 
A foundry modeled after the cathedral at Pisa, Italy, and an office 
building similar in architecture to the Pan-American Building at 
Washington, are among a number of beautiful, substantial, and effi- 
cient structures built by the Gleasons while Miss Gleason was active in 
the business. 

In 1914 Miss Gleason became the first woman to be appointed a 
receiver in bankruptcy when she undertook the reorganization of a 
machine company whose debts amounted to $140,000. Under her 
management the business not only paid off its debts but had made 
a profit within three years. 

During the early days of the World War Miss Gleason was made the 
first woman president of a national bank, when she was elected to 
that office in the First National Bank of East Rochester, whose presi- 
dent had resigned to enter the Army. She filled his place for three 
years and during this time undertook the completion of the erection 
of several small houses in East Rochester, a project in which a builder 
to whom the bank had loaned money had failed. Miss Gleason took 
over the loan herself and eventually created a community of nearly 
one hundred model houses which were offered for sale at low prices 
and on easy monthly terms covering interest and taxes. This com- 
munity, called ‘‘Marigold Gardens, Concrest,”’ is attractively laid 
out with winding roads and beautiful gardens, and the houses are of 

varied architecture, including Norman, Dutch Colonial, English 
Cottage, and Provincetown. This property was given to the Ro- 
chester Athenaeum and Mechanics Institute by Miss Gleason, and 
although economic conditions made it impossible for some of the 
original purchasers to fulfill the contracts they undertook, the In- 
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stitute hopes that in time all of the homes may be secured by persons 
of moderate incomes, which is understood to have been Miss Glea- 
son’s plan. 

For herself Miss Gleason built a home in Rochester, in the style 
of the Spanish ‘‘Alhambra” but named ‘‘Clones” after her mother’s 
birthplace in Ireland. Members of the A.S.M.E. who attended the 
Rochester meeting in 1929 were entertained at ‘‘Clones,” the unusual 
and beautiful features of which made it one of the most talked about 
places in Rochester. 

Miss Gleason also had a home at Septmonts, France, where she 
passed three months each fall and where she erected a public library 
and motion-picture theater as a memorial to the First Division of 
the American Expeditionary Force. This home and other property 
in France were bequeathed to Paris Post No. 1 of the American 
Legion. 

Miss Gleason owned a large estate in Beaufort, S.C., and planned 
to establish a community of garden apartments on Ladies’ Island, 
near Beaufort, where Northerners, especially professional people, 
writers, and others of limited means, might spend their winters in- 
expensively. This community, named “Colony Gardens,” was not 
completed by Miss Gleason, but she did finish ten apartments and 
a central building and established the ‘Gold Eagle Tavern” in Beau- 
fort, widely known for its quaint Norman architecture and charming 
interior. 

In California, where she went to study the architecture of small 
homes, she purchased several hundred lots (at Sausalito) and built 
a number of homes. 

Miss Gleason’s election to membership in the A.S.M.E. in 1914 
was based largely upon her work in gear designing. She was also a 
member of the Rochester Engineering Society, to which she be- 
queathed $25,000. She left $100,000 to the City of Rochester to 
establish a history alcove in the public library as a memorial to one 
of her high-school teachers, and her will provided that two-thirds of 
her common stock in the Gleason Works should be sold to employees 
on very favorable terms and that the other third should go to the 
welfare fund established by the company. 

Surviving Miss Gleason are two brothers, James E. and Andrew 
Gleason, president and vice-president, respectively, of the Gleason 
Works, and a sister, Eleanor Gleason. 
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won distinction for his achievements in connection with the Hog 
Island Shipyard during the World War, died of heart disease on 
April 24, 1933, at the Post-Graduate Hospital, New York, after a 
month's illness. 

Mr. Goodenough was born in Flint, Mich., on December 6, 1874, © 
a son of Mr. and Mrs. Lucien Goodenough. He was graduated from _ 
the Michigan Agricultural College in 1895 with a B.S. degree and © 
for nearly ten years engaged in marine engineering, working on the © 
design and construction of ships and machinery at shipyards je 


Walter Goodenough, consulting engineer, New York, N.Y., oe 


the Great Lakes and on the Atlantic Coast, and shipping as oiler 
and engineer on the Lakes and North Atlantic to increase his knowl- — 
edge and experience. He also participated in the design of the © 
plant of the New York Shipbuilding Company located at Camden, © 
N.J. 

Attracted by the development of electricity, Mr. Goodenough 
secured a position in 1904 with the New York Edison Company 
as assistant superintendent of construction in charge of the com- © 
pletion of the new Waterside Station. He engaged in this line of 
work for about three years, helping to build other pioneer stations — 
and securing unusual experience in developing and installing in- | 
creasingly large electrical units. 

In 1906 Mr. Goodenough became connected with the Stone & 
Webster Engineering Corp., Boston, Mass. During his first year 
with the company he was sent to Texas to organize a new district, 
the Southwestern District, unifying a number of separate projects. 
Upon the completion of this assignment he returned to the Boston 
office, where he was placed in charge of all mechanical engineering 
problems of the company. 

In December, 1910, a large steam-power station at Minneapolis, — 
the management of which was under the control of Stone and Webster, | 
was destroyed by fire. Mr. Goodenough was sent to Minneapolis — 
to direct the design and construction of a new plant and handled — 
the assignment with such speed that within a period of less than 
nine months he had the station in operation. 

He was next sent to Keokuk, Iowa, to take charge of the design 
and construction of a hydroelectric power station and transmission — 
lines to deliver power to St. Louis, Mo., a distance of about 150 miles. 
All of the engineering and construction units for the completion of 
this work were under the control and direction of Mr. Goodenough. © 
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He secured the right-of-way for about 200 miles of high-tension 
transmission line and had charge of its erection, and also designed 
and built the central station and four substations. One and one- 
half years were required for the completion of the project, and the 
plant was put into operation precisely on the day scheduled. 

Upon the completion of this work in 1913 Mr. Goodenough toured 
Europe, visiting many of the larger steam and hydraulic power 
developments. He returned to the Boston office of Stone and 
Webster with the title of chief mechanical engineer and not long 
afterward was appointed chief engineer, a position in which he 
continued until September, 1917. 

Soon after the United States entered the World War in April, 
1917, negotiations were begun between the American International 
Corporation, of which Charles A. Stone was president, and the United 
States Shipping Board, Emergency Fleet Corporation, looking toward 
quantity production of ships. During the summer Mr. Goodenough 
made an inspection of most of the larger shipbuilding plants on 
the Atlantic Coast to determine the kind of equipment and the 
facilities which would be necessary, a study for which his early 
training in marine engineering had well fitted him. 

On September 13, 1917, the American International Corporation 
signed a contract with the Emergency Fleet Corporation for the 
construction of a yard at Hog Island, on the Delaware River just 
below Philadelphia, with facilities for assembling and erecting 200 
ships at the greatest possible speed. Fifty 11!/s-knot 7500-ton 
cargo vessels, each 400 ft long, were to be built at once. The Ameri- 
can International Shipbuilding Corporation, a subsidiary of the 
American International Corporation, was formed to carry out the 
contract and Mr. Goodenough was appointed its general manager 
(later becoming one of its vice-presidents). 

Headquarters were immediately established in Philadelphia and 
the task begun of organizing the force necessary and assembling 
the materials for the construction of the yard and the building of 
the ships. The entire responsibility for the yard layout was placed 
on Mr. Goodenough’s shoulders. The facilities required included 
50 shipways, each 500 ft long; 7 outfitting piers, each 1000 ft long 
and 66 ft wide; 90 miles of railroad track, various storage yards for 
the handling of materials of all kinds, together with shops, ware- 
houses, administration buildings, and quarters for about 5000 work- 
men; roadways; a complete underdrainage system, including a fil- 
tration plant; a high-pressure water system; compressed-air plants 
for the operation of thousands of riveting machines; 400 power-driven 
derricks for handling materials direct from the delivery cars to the 
ships; and more than 500 flat cars for the transportation of material 
from storage yards to ships. 

While the yard was being prepared, Mr. Goodenough was busily 
engaged on the detailed design of the ships to be built, following 
the general specifications furnished by the Emergency Fleet Cor- 
poration. Originally it was intended to build only the one type of 
ship, but the need for transport ships of higher speed became so 
apparent that on October 23, 1917, the Emergency Fleet Corporation 
placed an additional order for 70 ships, each to be about 450 ft long, 
of about 8000 tons deadweight, and with a speed of 15 knots. In 
order to build the two types of ship radical changes in the plans for 
the yard were necessary. 

Nevertheless, in spite of great difficulties, the laying of the first 
keel was accomplished on February 12, 1918, and the first ship was 
launched on August 5, 1918. Thereafter the laying of keels for 
additional ships proceeded at regular irtervals. The maximum 
number of employees on the yard work was 28,000 and the peak 
number on both yard and ship work reached some 35,000. 

Mr. Goodenough severed his connections at Hog Island for a 
much-needed and well-deserved rest, just prior to the signing of the 
Armistice, at which time the production of ships was well under way 
and the work of the yard construction about completed. 

In 1919 Mr. Goodenough became associated with W. R. Grace & 
Co., New York. At first he was an executive in the department 
handling the sale of machinery and later was a technical consultant 
for its South American industries, including its sugar plantation. 
This latter work required extended visits to South America. He 
continued with the company until 1922, when he resigned in order 
to engage in the practise of consulting engineering in New York, 
where he had established a home. The following year he joined 
the D. P. Robinson Company, New York, with which he remained 
until it was merged with others in 1929 to form the United Engineers 
and Constructors, with headquarters in Philadelphia. Mr. Good- 
enough decided to stay in New York and to continue his private 
practise. 

Mr. Goodenough married Miss Sarah Elizabeth Stebbins in 1904 
and is survived by her. He had been a member of the A.S.M.E. 
since 1912. He was a student of history and science and had a 
very complete library on these subjects. 
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Charles Sumner Gooding, for many years a patent solicitor and de- 
signer in Boston, Mass., died on December 24, 1932, at his home in 
Brookline, Mass. Mr. Gooding was born in Brookline on June 22, 
1859, the son of Josiah and Anna (Sullings) Gooding. He entered 
the Massachusetts Institute of Technology from the Brookline High 
School and was graduated with a B.S. degree in 1879. 

After his graduation Mr. Gooding worked for a time in the draft- 
ing room of the Brown & Sharpe Manufacturing Co., Providence, 
R.1., and also as assistant at M.I.T., in the spring of 1880. He then 
went to Charleston, S.C., where he taught mechanical engineering 
and drafting at the Holy Communion Church School (which later 
became a military academy called Porter Academy) for two and one- 
half years. He returned to Boston and opened an office for designing 
machinery in 1883. For many years he worked in connection with 
the United Shoe Machinery Corporation, Boston, and he was attor- 
ney for the Hood Rubber Company, Watertown, Mass., and Jordan 
Marsh Company, Boston. He had often served as expert witness 
in patent cases, and held patents on many inventions of his own, in- 
luding a horseshoe door check, shoe machinery, and knitting ma- 
chines. 

Mr. Gooding became a member of the A.S.M.E. in 1904. He had 
served as president of the M.I.T. Alumni of 1879 and as a member 
of the Brookline Town Meeting. He was a member of the Boston 
City Club, sang in a choir for some years, and interested himself in 
collecting antiques. His wife, Cora A. (Haven) Gooding, whom he 
married in 1882, died in 1931. He is survived by three daughters, 
Helen (Mrs. Daniel A.) Rollins, Marjorie (Mrs. Arthur A.) Cushing, 
and Dorothy (Mrs. Robert) Mason. 


CHARLES SUMNER GOODING (1859-1932) 


AUGUSTE ALEXANDRE GOUBERT (1852-1933) 


Auguste Alexandre Goubert, retired, who died at Englewood, 
N.J., on August 13, 1933, was born at Le Havre, France, on October 
15, 1852. His parents were Jules and Pauline (Henri) Goubert. 
He attended the Ecole des Arts et Metier at Chalons-sur-Marne, 
France, receiving a mechanical engineering degree in 1869. He came 
to the United States the following year and was employed by the 
American Sugar Refining Company and the Babcock & Wilcox Co. 
prior to becoming president of the Goubert Manufacturing Company. 
He was also consulting engineer for the Bentz Engineering Company. 

Mr. Goubert invented a steam separator, feedwater heater, and 
pile-driving hammer, and other equipment in the same field. Pho- 
tography was one of his hobbies, along with billiards, bowling, chess, 
and shooting, and he had served as president of the Brooklyn Camera 
Club. 

Mr. Goubert became a member of the A.S.M.E. in 1880. He also 
belonged to the Hardware Club, New York. Surviving him are 
three children, Harold Vultee Goubert and Mrs. A. R. Merritt, of 
Englewood, N.J., and Mrs. G. W. Prettyman, of Tenafly, N.J. 
Mrs. Goubert, the former Miss Leila Vultee, whom he married in 
1871, died in 1926. 


GEORGE G. GRIEST (1873-1933) 


George G. Griest was born at Guernsey, Pa., on April 21, 1873. 
He was graduated from Swarthmore College, Swarthmore, Pa., in 
1894 with a B.S. degree in engineering and during the next two years 
was engaged in street railway construction and general engineering 
in Hartford and New Haven, Conn. 

From 1897 to 1917 Mr. Griest was located in New York. He 
spent three years as engineer on the construction and operation of 
pneumatic mail tubes for the city and from 1900 to 1910 supervised 
general and building construction there. During the next seven years 
he was employed by James Stewart and Company to direct building 
and other construction work. 

In 1917 Mr. Griest became special engineer in charge of the Niles 
Tool Works Company, Hamilton, Ohio. He was made general mana- 
ger the following year and remained with the company until 1926. 
He then became president of The Daly Manufacturing Company, 
Cincinnati, Ohio, and was connected with that organization until 
February, 1930. Shortly afterward he went to New York as mana- 
ger of the Safety Process Company, and at the time of his death on 
August 25, 1933, was vice-president of the company. 

Mr. Griest became a member of the A.S.M.E. in 1922. 


HANS NICKOLIAS HALVERSEN (1877-1933) 


Hans Nickolias Halversen, mechanical head of the Kimble Glass 
Company, Vineland, N.J., died on November 21, 1933, at the Uni- 
The son of 
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Bernt Severin and Ellen (Nelsen) Halversen, he was born at Lyn- 
goer, Norway, on February 8, 1877, but had spent the most of his 
life in the United States. He studied mechanical engineering 
through the International Correspondence Schools and had experi- 
ence as draftsman, designer, and machinist with a number of com- 
panies, including the Miehle Printing Press Company, Triumph 
Motor Car Company, Pullman Motor Car Company, and F. B. Red- 
ington Co., prior to 1910. He had been connected with the Kimble 
Glass Company since that date, for five years at Chicago and since 
then at Vineland. 

Mr. Halversen became a member of the A.S.M.E. in 1928. He 
also belonged to the Society of American Military Engineers and the 
Masonic fraternity and was a Lutheran by faith. 

Surviving Mr. Halversen are his widow, Minnie (Vater) Halver- 
sen, whom he married in 1907, and two sons, Bernt Severin and 
Vernon Vater Halversen. 


JOHN ERNEST HARDIN (1875-1933) 


John Ernest Hardin, who died at the Morehead City (N.C.) Hos- 
pital on June 26, 1933, was general manager and secretary of the 
Proximity Manufacturing Company, Greensboro, N.C., and presi- 
dent of the Asheville Cotton Mills, Asheville, N.C. His entire pro- 
fessional life had been devoted to these companies. He was operat- 
ing executive for a number of large cotton mills and textile manu- 
facturing plants and the steam and electric power plants and machine 
shops connected with them. He prepared specifications for and pur- 
chased all of the machinery and mechanical equipment and super- 
vised its installation and operation. 

Mr. Hardin was born at Julian, Randolph Co., N.C., on January 
21, 1875, the son of Charles Harrison and Martha Jane (Coble) 
Hardin. He attended local schools and spent two years at the Oak 
Ridge Institute prior to entering the textile industry. His home 
was at Greensboro and he was a member of the Merchants and Manu- 
facturing Club and Country Club there, vice-president of the Kiwanis 
Club, and belonged to the Masonic and Elks fraternal organizations. 
He was a deacon in the First Presbyterian Church. He had also 
served as a member of the Board of Aldermen of Asheville. As a 
hobby he interested himself in dairy farming. 

Mr. Hardin became a member of the A.S.M.E. in 1926 and also 
belonged to the Southern Textile Association. He is survived by 
his widow, Undine (Barham) Hardin, whom he married in 1906, and 
by three daughters, Miriam F., Margaret I., and Dorothy L. Hardin. 


HERBERT THACKER HERR (1876-1933) 


Herbert Thacker Herr, vice-president of the Westinghouse Elec- 
tric and Manufacturing Company, died on December 19, 1933, at 
his home in Philadelphia, Pa., after an illness of several months. 

H. T. Herr, as he was known in business ahd engineering circles, 
was internationally famous as an inventor and designer of turbines, 
oil and gas engines, and various air-brake and remote-control devices. 
During his career he was prominent in the railroad, mining, and elec- 
trical fields of engineering, and to each he contributed devices for the 
simplification and improved efficiency of the machinery involved. 

Mr. Herr was born in Denver, Colo., on March 19, 1876, the son 
of Theodore Witmer and Emma (Musser) Herr. He attended the 
East Denver High School and before entering Yale University served 
an apprenticeship as a machinist with the Chicago and Northwestern 
Railroad. He was graduated from the Sheffield Scientific School at 
Yale with the degree of bachelor of philosophy in 1899, and immedi- 
ately entered the employ of the Denver & Rio Grande R.R. at Denver 
as machinist and draftsman. He also acted as chairman of a com- 
mittee to revise the operating rules of the road. In 1902 he became 
master mechanic of the Chicago Great Western at Des Moines, Iowa. 
A year later he was transferred to St. Paul, and then held a similar 
position for a year at Fort Madison, Iowa, in the Chicago division of 
the Atchison, Topeka & Santa Fe R.R. Following this he was gen- 
eral master mechanic of the eastern division of the Norfolk & Western 
R.R. at Roanoke, Va., returning to the Denver & Rio Grande in 1905 
as assistant to the vice-president. In 1906 he became general super- 
intendent. 

His achievements had attracted the notice of men in other fields, 
and in a short time he was made vice-president and general manager 
of the Duquesne Mining & Reduction Co., at Duquesne, Ariz. But 
by 1908 he was back in the East, as general manager of the Westing- 
house Machine Company at Pittsburgh. He was soon made second 
vice-president and general manager and in 1913 became first vice- 
president and general manager. When the company was merged in 
1917 with the Westinghouse Electric and Manufacturing Company 
he became vice-president of the latter. His headquarters were at 
the South Philadelphia Works, where all Westinghouse steam power 


apparatus for land and marine work is designed and manufactured. 
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He was also vice-president and director of the Westinghouse Gear & 
Dynamometer Co., and other Westinghouse subsidiaries. 

The first of Mr. Herr’s inventions was made in 1903 and was an 
engineer's brake valve and a braking equipment permitting the brak- 
ing of an engine and its tender independently of the train, the train 
independently of the engine and tender, and the complete braking of 
the engine, tender, and train. In 1904 he perfected a device to be 
used when two or more locomotives are in the same train, by means 
of which the engineer on the first can use the other locomotives’ 
air pumps and main reservoirs and automatically prevent the han- 
dling of the brakes by the other engineers. 

The same year he invented a load brake device which automatically 
weighs the car when it is put into the train and the air brake system 
charged, and sets the braking power on the car to the car weight. In 
addition he patented at various times seventeen improvements in 
feed valves, recharging devices, etc., all of which he assigned to the 
Westinghouse Air Brake Company. In 1916 he developed a remote- 
control apparatus whereby the main engines of a ship can be handled 
from the bridge. The device has been installed on the U.S.S. Nep- 
tune and, in a modified form, on the battleship Tennessee. 

In the turbine field his inventions consisted chiefly of improve- 
ments in the manufacture of blading and its method of application 
to the spindles and cylinders, and in improvements in the general de- 
sign of turbines to increase their capacity and cheapen their cost. 

He perfected improvements in oil engines looking to the simplifi- 
cation of parts, automatic starting and control, and in 1908 means 
for simply reversing two-cycle machines, and in 1912 introduced the 
use of rotary valves in four-cycle engines. 

In recognition of his achievements the Longstreth Medal was con- 
ferred upon him by The Franklin Institute in 1914 and the John 
Scott Medal by the City of Philadelphia in 1931. 

Mr. Herr became a member of the A.S.M.E. in 1907. He also be- 
longed to the Society of Automotive Engineers, Society of Naval 
Architects and Marine Engineers, American Railway Guild, Society 
of Naval Engineers, Army Ordnance Association, American Associa- 
tion for the Advancement of Science, Yale Engineering Association, 
of which he was a past-president, and the Pennsylvania Society, as 
well as the Delta Phi and Sigma Xi fraternities and a number of clubs, 
including the Bankers, University, Engineers’ and Yale, New York, 
University and Duquesne, Pittsburgh, and the Midday, Merion 
Cricket, Pine Valley Golf, and Penn Athletic, Philadelphia. 

He was a member of the Philadelphia Board of Trade, a director 
of the Chamber of Commerce there, and a member of the Committee 
for Award of the John Scott Medal. President Harding appointed 
him a member of the Board of Visitors to the United States Naval 
Academy at Annapolis. He was affiliated with the Episcopal Church. 

In 1896 Mr. Herr married Irene Viancourt, of Denver. 
survived by her and by a son, Herbert, Jr.; a daughter, Mrs. Muriel 
Viancourt Browne, of Hartford, Conn.; a brother, Arthur T. Herr, 
of Denver; and a sister, Mrs. J. W. Clise, of Altadena, Calif. 
other brother, Edwin Musser Herr, former president of the Westing- 


house company and also a member of the A.S.M.E., died on Decem- | 


ber 24, 1932.1 


MAX SMITH HIGGINS (1882-1933) 


Max Smith Higgins, founder and general manager of the Higgins 
Supply Co., Inc., McGraw, N.Y., died at Cortland, N.Y., on March 
18, 1933. He was born at Truxton, N.Y., on June 22, 1882, the son 
of Dr. Francis W. and Kittie (Smith) Higgins. After being gradu- 
ated from Cornell University with an M.E. degree in 1906 he held 
the following positions, prior to 1916: cost keeper, Cortland Car- 
riage Goods Company, Cortland, N.Y., 1906-1907; assistant to the 
construction engineer, Wickwire Steel Company, Buffalo, N.Y., 
1907-1909; draftsman, Wellman-Seaver-Morgan Company, Cleve- 
land, Ohio, 1909-1910; assistant to New York sales manager, Pratt 
& Whitney Co., New York, 1910-1912; and estimating sales engineer, 
Mesta Machine Company, Pittsburgh, Pa., 1912-1915. He then be- 
came sales manager, and not long afterward general manager and 
treasurer of the New York Central Iron Works Co., Inc., Hagerstown, 
Md. As active head of this company he directed design and con- 
struction of various tanks, stacks, buoys, and other steel plate work 
until 1921, when the Higgins Supply Company was formed. 

Mr. Higgins became an associate-member of the A.S.M.E. in 1919. 
He belonged to the Presbyterian Church, the Masonic fraternity, 
and the Cortland Country Club. He is survived by his widow, Cora 
B. (Edgecomb) Higgins. 


ARTHUR SCOTT JONES (1889-1933) 


Arthur Scott Jones, since 1928 head of the Division of Engineering 
Drawing of The Pennsylvania State College, State College, Pa., died 


1 See A.S.M.E. Trans., Record and Index Section, 1932, page 62. _ 
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on August 22, 1933. He as born in Philadelphia, Pa., on July 9, 
1889, the son of the Reverend William D. and Mrs. Laura T. Jones. 
He attended the Northeast Manual Training High School for three 
years and in 1913 was graduated from The Pennsylvania State 
College with a B.S. degree in mechanical engineering. 

Following his graduation Mr. Jones was appointed instructor of 
apprentices for the Pennsylvania Railroad Company at Altoona, Pa., 
with the rank of instructor in The Pennsylvania State College, which 
cooperated in the operation of the School for Apprentices. An M.E. 
degree was conferred upon him by the college in 1916. 

From 1917 to 1919 he was connected with the Midvale Steel Corpo- 
ration as sub-foreman in responsible charge of layout, and during 
the next three years he was designer and checker of gas plants and 
apparatus for the United Gas Improvement Company, Philadelphia. 

In 1922 Mr. Jones returned to the teaching profession as instructor 
in mechanical drawing at the Episcopal Academy, Overbrook, Phila- 
delphia. Two years later he became assistant professor of engineer- 
ing drawing and descriptive geometry at Penn State and in 1928 head 
of the division. His ‘‘Descriptive Geometry” was published in 1933. 

Professor Jones became a member of the A.S.M.E. in 1929. He 
also belonged to the Society for the Promotion of Engineering Edu- 
cation and the Sigma Pi fraternity. Surviving Mr. Jones are his 
mother, his widow, Edith (Summy) Jones, whom he married in 1913, 
and three children, Robert, Edwin, and Miriam Jones. 


DAVID F. JULIAN (1876-1933) 


David F. Julian, general factory manager for The Columbus Bolt 
Works Company, Columbus, Ohio, died on January 7, 1933. 

Mr. Julian was born at Gotenburg, Sweden, on February 13, 1876, 
and came to the United States in 1881. As a young man he lived in 
New England and went to school there. In 1896 he became an en- 
gineer on a boat of the Pawtucket Steamboat Company, and he held 
that position for several years. He also spent several years previous 


to 1904 in learning the boilermaking and machinist’s trade in Lowell 
Mass., North Groverdale, and Ridgeway, Pa. 
From 1904 to 1908 Mr. Julian was employed by the Coleman Nail 
Company, Pawtucket, R.I., in the design of automatic machinery for 
Tour years be horseshoe nails by the cold process. 


During the next 
four years he was master mechanic for the Wm. H. Haskell Mfg. Co., 

- Pawtucket, designing automatic machinery for the manufacture of 
bolts and nuts. In 1912 he went to Waterbury, Conn., where he re- 
mained for six years as designer for the E. J. Manville Machine Co., 
developing automatic machinery for the manufacture of bolts and 
nuts and other special machinery. He had been with The Columbus 
Bolt Works Company since then, with the exception of two years, 
1920-1922, when he returned to the Manville company as assistant 
superintendent and designer. 

During his first two years at Columbus Mr. Julian was employed 
as mechanical engineer. He became general manager in 1922. His 
work included the design and manufacture of automatic machines 
for bolts and nuts, finishing drop forgings, etc. 

Mr. Julian became an associate member of the A.S.M.E. in 1927. 


CHARLES GROVER KELLOGG (1883-1933) 


Charles Grover Kellogg, works manager of The Bauer Bros. Co., 
Springfield, Ohio, died in that city on November 19, 1933. 

Mr. Kellogg was born at Oberlin, Ohio, on September 2, 1883, the 
son of Stephen Martin and Alice (White) Kellogg. Although his 
formal education did not extend beyond the public schools at Oberlin 
he became well educated through subsequent training and experi- 
ence. He served an apprenticeship as a toolmaker and worked at 
that trade in Elyria, Ohio, until 1909, when he became superintendent 
of the Metallic Packing & Manufacturing Co. in that city. During 
the latter years of his connection with the company he was engaged 
in the design of metallic packing installations for steel mills, power 
plants, and marine use. From 1916 to 1919 he was factory manager 
for the Simplex Machine Tool Company, Hamilton, Ohio, in charge 
of all production engineering and engaged in the design and building 
of toolroom lathes and drill presses. He also had charge of purchas- 
ing and of the general plant office. He had been connected with The 
Bauer Bros. Co. since then. His interest in the welfare of the com- 
pany was very deep and he had a natural aptitude for directing work 
and obtaining cooperation from all associated with him. In 1930 
he secured a patent on a screen for separating machinery, adopted 
for use by the company. 

Mr. Kellogg became a member of the A.S.M.E. in 1927. He also 
belonged to the Springfield Foremans Club and Dayton Engineers 
Club, and was affiliated with the Oakland Presbyterian Church in 
Springfield. 

Surviving Mr. Kellogg are his widow, Bertha J. (Brown) Kellogg, 
and ason, George S. Kellogg, of Washington,D.C. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL 


WILLIAM FELL KIRK 


William Fell Kirk, who had been a member of the A.S.M.E. since 
1893, died on September 26, 1933, at his home in Hollidaysburg, Pa. 

Mr. Kirk was born in Philadelphia, Pa., on May 3, 1854, the son 
of Louis and Sarah Ann Kirk. He was educated in the public schools 
of Philadelphia and following his graduation from high school served 
a three-year apprenticeship as a machinist with the Baldwin Loco- 
motive Works and Bush Hill Iron Works, Philadelphia. He was then 
employed as a machinist for about a year each by Ferris & Miles, the 
American Sewing Machine Company, and the Rosengarten & Sons 
Chemical Works, Philadelphia, and Jesse Starr & Sons, Camden, N.J. 
From 1880 to 1882 he worked for Carter, Allen & Co., Tamaqua, 
Pa., as assistant draftsman and was similarly employed during the 
next two years by the Southwark Foundry & Machine Co., Phila- 
delphia, and The Glamorgan Company, Lynchburg, Va. He became 
assistant manager of the latter company in 1884 and for two years 
had entire charge of its work outside the office. In 1886 he spent 
some time in drafting work for the Dickson Manufacturing Company, 
Scranton, Pa., and the following year ran a machine shop at Middle- 
town, Ohio. From then until his retirement in 1928 he had been 
connected with the McLanahan-Stone Machine Company, Hollidays- 
burg, Pa., first as draftsman and designer and for many years as man- 
ager. 

Mr. Kirk was twice married. His first wife, Helen L. (Krebs) 
Kirk, whom he married in 1882, died in 1904. Two years later he 
married Isabel Biggs, who survives him, as does also a daughter, Sara 
K. Kirk. 


ERIC BRYAN KRAMER (1885-1933) 


Eric Bryan Kramer, manager of the Screw Cap Division of the 
Crown Cork & Seal Co., Inc., Baltimore, Md., died suddenly on July 
15, 1933, at Gibson Island, Md. 

Mr. Kramer was born in Cincinnati, Ohio, on May 31, 1885, the 
son of Otto and Maria Kramer. He secured his technical education 
in Germany, attending a mechanical trade school in Aachen for two 
years and receiving mechanical and civil engineering degrees from the 
Rheinisches Technikum at Bingen. He returned to the United 
States in 1905 and for two years was employed by the Automatic 
Railroad Safety Signaling Company, designing and supervising the 
construction of special electrical equipment used with a cab signaling 
system on the Baltimore & Ohio R.R. 

The next two years, with the Interborough Rapid Transit Com- 
pany, New York, were spent in designing and detailing structural 
steel and power-house equipment. In 1909 Mr. Kramer became as- 
sistant engineer for the American Locomotive Company, New York, 
for which he estimated costs, made time studies, and standardized 
work. After two years with the company he opened an office in New 
York for the practice of consulting mechanical engineering. Much 
of his work had to do with the design of special automatic machinery 
and patents and he employed a number of draftsmen to assist him. 


‘In 1918 and 1919 he was chief engineer of the Heseltine Motor Corpo- 


ration, New York, working on the development of the Heseltine auto- 
mobile, and during the next two years held a similar position with 
the Watt Products Corporation, Brooklyn, N.Y., developing special 
automatic manufacturing machines. 

Mr. Kramer became chief engineer of the American Metal Cap 
Company, Brooklyn, in 1921 and during the next nine years was en- 
gaged in the manufacture of metal caps for glass containers and the 
development and manufacture of dies and tools for that purpose. 
He was also a member of the Standardizing Committee of the Glass 
Container Association of America. He became associated with the 
Crown Cork & Seal Co., Inc., in 1930, transferring from Brooklyn to 
Baltimore to take the position of manager of the Screw Cap Division 
the following year. 

Mr. Kramer became a member of the A.S.M.E. in 1927. He be- 
longed to the Baltimore Country Club and the Gibson Island Club. 
He is survived by his widow, Katherine Louise (Ketchum) Kramer. 


LEWIS HENRY KUNHARDT (1869-1933) 


The president of the Boston Manufacturers Mutual Fire Insurance 
Company, Lewis Henry Kunhardt, died on September 30, 1933. 
Mr. Kunhardt had been connected with the company since 1906. 
He was born in Brooklyn, N.Y., on June 27, 1869, the son of John 
and Ann M. (Kimball) Kunhardt. After receiving an S.B. degree in 
mechanical engineering from the Massachusetts Institute of Tech- 
nology in 1889 he was associate instructor in engineering there for 4 
year. He then became a surveyor in the Plan Department of the 
Associated Factory Mutual Fire Insurance Companies, which he 
subsequently served as chief draftsman, superintendent of the Plan 
Department, and fire protection engineer and inspector. In 1906 
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he became vice-president of the Boston Manufacturers Mutual Fire 
Insurance Company and in 1929 its president. In his 43 years of 
service to the Factory Mutual System he took an active part in prac- 
tically every development through its period of great expansion and 
was always a vital factor in its growth. 

Mr. Kunhardt was treasurer and engineer in charge of development 
for the Hydraulic Race Company, Lockport, N.Y. He became a 
member of the A.S.M.E. in 1905 and also belonged to the Engineers 
and University Clubs of Boston, Highland Club in the suburb of 
Melrose, where he resided, and the Appalachian Mountain Club. 
He was a director of the Massachusetts New Church Union. 

He married Sarah E. MacDonald in Boston in 1897 and is survived 
by her and by four children. 


CLARKE FRANKLIN LEH (1893-1933) 


Clarke Franklin Leh, superintendent of the Three Forks Port- 
land Cement Company, Trident, Mont., died at his home there on 
December 8, 1933. He is survived by his mother and by his widow, 
Mary Ann (Funk) Leh, whom he married in 1932. 

Mr. Leh was born at Northampton, Pa., on June 4, 1893, the son 
of Elvin U. and Ida R. Leh. He received an A.B. degree from Leland 
Stanford Jr. University in 1917 and an M.E. degree the following 
year. He was the co-author (with F. G. Hampton) of a paper en- 
titled ‘‘An Experimental Investigation of Steel Belting,’’ which won 
the A.S.M.E. Student Award in 1919. He became a junior member 
of the Society in 1917 and a member in 1925. He also belonged to 
the Masonic fraternity. 

During his college vacations Mr. Leh worked as a mechanic for the 
Commerce Motor Truck Company, at San Jose, Calif., and as drafts- 
man and constructing engineer for the E. B. & A. L. Stone Co., San 
Francisco, Calif., on sand and gravel plants. He had been with the 
Three Forks Portland Cement Company since 1919, first at its plant 
at Hanover, Mont., and since 1920 at Trident. He had charge of the 
design and construction of new plants and machinery, installed a 
gypsum storage and conveying system,,introduced a coal-feeding 
system for kiln firing, reconstructed the rock crushing machinery, and 
supervised the operation of the planta. 

Mr. Leh was in service in the Corps of Engineers, U.S.A., stationed 
at Camp Humphreys, Va., during part of the World War, but was 
mustered out following a severe attack of pneumonia. 


(STEN OTTO) VIKING LINDFORS (1883-1933) 


(Sten Otto) Viking Lindfors, who died on September 8, 1933, was 
born on September 2, 1883, in Gothenburg, Sweden. He attended 
college there and after several years’ shop experience entered the 
technical university at Strelitz, Germany, from which he was gradu- 
ated as a mechanical engineer in 1905. He then returned to Gothen- 
burg, where he worked in a shipbuilding yard for a year. He was 
graduated as a naval architect from the Chalmers technical univer- 
sity, Gothenburg, in 1907, and spent another year at the Gotaverken 
shipyard. In 1908 he shipped as an oiler on a steamboat bound for 
Australia. After returning to Sweden he worked as a draftsman at 
the Matala locomotive shop. 

In 1910 Mr. Lindfors came to the United States, where he spent 
three years, two as draftsman and checker for the American Steel & 
Wire Co., Worcester, Mass., and one as draftsman at a shipbuilding 
yard at Boston. During the next two years he was in Sweden, at 
Gothenburg, then returned to the United States, where he spent the 
remainder of his life. He was employed as chief layout man by the 
Edmunds & Jones Corp., Detroit, Mich., from 1915 to 1917; checker 
for the American Car & Foundry Co., Detroit, 1917-1918; squad 
leader and chief layout man by Willys-Overland, Inc., Toledo, 1918— 
1919; and chief draftsman and consulting engineer by the Edmunds 
& Jones Corp., 1919-1928. Since then he had practised consulting 
engineering in Detroit. 
sane Lindfors became an associate-member of the A.S.M.E. in 
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WILLIAM DIEHL LOBER (1877-1933) 


William Diehl Lober, president of the Vulcanite Portland Cement 
Company, Philadelphia, Pa., died on June 19, 1933. 

Mr. Lober was born on September 22, 1877, the son of John B. 
and Clara W. (Diehl) Lober. He was educated at the Friends’ 
Central School and the University of Pennsylvania in Philadelphia, 
receiving a B.S. degree in mechanical engineering in 1899. He be- 
came assistant to the superintendent of the Vulcanite company in 
the fall of 1899, was made secretary in 1902, treasurer the following 
year, vice-president in 1917, and president in 1924. 


Mr. Lober became a member of the A.S.M.E. in 1911. He was 
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an elder of the Bryn Mawr Presbyterian Church, Bryn Mawr, Pa., 
and a member of the Union League of Philadelphia and the Merion 
Cricket Club. He is survived by his widow, Margaret W. (Crozer) 
Lober, and by two children, Mrs. Martin Melcher, St. Davids, Pa., 
and John C. Lober, Wynnewood, Pa. 


JAMES VICTOR MACDONALD (1871-1933) 


James Victor Macdonald, a member of the firm of Ranald H. Mac- 
donald & Co., New York, N.Y., died at the South Nassau Hospital, 
Long Island, N.Y., on May 22, 1933. 

Mr. Macdonald was born in Brooklyn, N.Y., on June 27, 1871, the 
son of Ranald and Josephine (Lesieur) Macdonald. He attended the 
Brooklyn Polytechnic and Stevens preparatory schools and was grad- 
uated as a mechanical engineer from Stevens Institute of Technology 
in 1893. After four years as assistant engineer for the Safety Car 
Heating & Lighting Co., New York, he was made superintendent of 
construction for the firm of Ranald H. Macdonald & Co., of which 
he later became a member. 

Mr. Macdonald became a junior member of the A.S.M.E. in 1895 
and a member in 1917. He is survived by a sister, Mrs. Lucie 
(Francis U.) Stearns, of New York. 


JOSE V. MARTINEZ (1891-1933) 


Jose V. Martinez was born at Villalinarzo, Spain, on September 
23, 1891, and died in Rio de Janeiro, Brazil, on August 9, 1933. 
After completing his elementary and technical education in Spain 
he emigrated to Argentina in about 1915, and for several years was 
engaged as draftsman on various engineering works. In 1917 he was 
employed by the Argentine Portland Cement Company as draftsman 
and since that time has been continuously in the employ of the vari- 
ous subsidiaries of the International Cement Corporation. 

In this work he acquired a broad experience in cement mill design- 
ing and for several years was located at the head office of the Inter- 
national Cement Corporation in New York, N.Y. In 1931 he was 
transferred to Rio de Janeiro as chief engineer in the construction of 
the plant of the Companhia Nacional de Cimento Portland, also a 
subsidiary of the International Cement Corporation. 

Mr. Martinez became a member of the A.S.M.E. in 1929. 


HOWARD VICTOR MEEKS (1878-1933) 


Howard Victor Meeks, treasurer of The Gardner & Meeks Co., 
Union City, N.J., died on December 15, 1933. Mr. Meeks was born 
in the town of Union on April 11, 1878, the son of Euretta Evelyn 
(Gardner) and Hamilton Victor Meeks. He secured his technical 


training at Stevens Institute of Technology, receiving a mechanical _ 


engineering degree in 1901. During the next four years he was con- 
nected with W. D. Forbes & Co., Hoboken, N.J., in drafting and shop 
work, designing and testing marine engines, steering machinery, etc. 

From 1905 to 1907 Mr. Meeks was a partner in the firm of Meeks, 
Hermance Company, electrical contractors, Union Hill, N.J., and in 
1906 he became half owner and treasurer of the Union Automobile 
Company and secretary of The Gardner & Meeks Co. He was made 
treasurer of the latter company in 1917. He was also president of 
the Woodcliff Land Improvement Company. 

Mr. Meeks became an associate member of the A.S.M.E. in 1918. 
He resigned as president of the Woodcliff Trust Company about 
two years prior to his death, but was still serving as a member of the 
board of the company. He belonged to the First Presbyterian 
Church of Englewood, N.J. 

Mr. Meeks was twice married. He is survived by two daughters 
by his first wife, Ethel (Colon) Meeks, whom he married in 1903, and 
by two sons by his second wife, Florence Dorothy (Muller) Meeks, 
whom he married in 1923, as well as by a sister, Mrs. J. H. McCros- 
kery, and a brother, Clarence G. Meeks. 


ABRAHAM LOUIS MENZIN (1883-1933) 


Abraham Louis Menzin, consulting engineer, San Francisco, Calif., 
whose death occurred on September 8, 1933, was born at Kopciovo, 
Poland, on January 30, 1883, but came to the United States at the 
age of about nine years. He received a B.S. degree from the Uni- 
versity of California in 1907 and after working for a short time on the 
staff of the Journal of Electricity, San Francisco, took a position as 
draftsman with The Tracy Engineering Company in that city. He 
remained with it for about six years, becoming superintendent of 
construction. 

In 1913 Mr. Menzin went to Edge Moor, Del., to work for the Edge 
Moor Iron Company. He established his own office in Philadelphia 
the serait year, but continued to serve the Edge Moor Iron Com- 
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RALEIGH DUDLEY MORRILL (1885-1933) 
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pany, directing tests and research work, for about four years. Ill 
health from 1918 to 1922 kept him from active engineering work. 
In 1923 he again entered the employ of The Tracy Engineering Com- 
pany, in charge of the general engineering work of the company, in- 
cluding the design of equipment for the purification of steam, oil 
vapors, and gases. He returned East for a time in 1927 and 1928, 
being located in New York, but since early in 1929 had been living in 
San Francisco, inactive in business because of ill health. 

Mr. Menzin became an associate-member of the A.S.M.E. in 1913. 


PHILIP FRANCIS MILLER (1890-1933) 


Philip Francis Miller, who died on March 29, 1933, was born on 
April 23, 1890, in Brooklyn, N.Y., the son of Samuel Fisher and 
Marion (Sleeper) Miller. He attended high school at South Orange, 
N.J., and was graduated in 1911 from the Armour Institute of Tech- 
nology, Chicago, with a B.S. degree in chemical engineering. 

From his graduation until the fall of 1917 Mr. Miller was with the 
Pacific Flush Tank Company, New York, N.Y., as designing engineer 
and assistant to the Eastern manager. The first two years were 
spent on the design and installation of automatic air lock controls 
for the distribution of sewage onto filtration beds. In 1913, when 

_ the company began the manufacture of compressed-air sewage ejec- 

- tors for use in buildings and municipalities where sewage had to be 

_ pumped, Mr. Miller took charge of planning the layouts and equip- 

- ment for the compressor plants for such installations. He also di- 
rected the sales work of the department, supervised the construction 

_ some plants, notably at Tampa, Fla., where the ejector plants in- 
stalled for a new sewerage system were among the largest of their 
kind in the country. Mr. Miller later assisted in the design of Dos- 
ing siphons and sprinkler nozzles for sewage disposal plants. 

From September, 1917, until the end of the following year, Mr. 
Miller served in the Ordnance Department of the United States Army, 
studying artillery production methods in France, with the rank of 
lieutenant, for about six months, and later being promoted to a cap- 
taincy and put in charge of engineering and design work in connec- 

tion with the production of the 155-mm Filloux gun. 

Following his discharge, he spent several months in appraisal work 
for the New York District Office of the U.S. Shipping Board and was 
sales engineer for a time for the A. 8S. Cameron Steam Pumps Works, 
New York office. He became sales manager of the Industrial De- 
partment of The De Laval Separator Company, New York, in No- 

me 1919. In this position, which he held at the time of his death, 
he had charge of the sale and development of a line of centrifugal 
machines used for the purification of lubricating oils of various kinds, 
the clarification of varnishes, pharmaceuticals, and similar products, 
as well as in numerous manufacturing and refining processes. 

Mr. Miller became a junior member of the A.S.M.E. in 1915 and 
an associate-member five years later. He belonged to the Tau Beta 
Phi fraternity, the Rock Springs Country Club, West Orange, N.J., 
and Baltusrol Country Club, Springfield, N.J. He was an Episco- 
palian, belonging to St. Andrews Church, in Orange, N.J. 

_ Mr. Miller is survived by his widow, Marion (Weber) Miller, and 
by two sons, Philip F. Miller, Jr., and Arthur W. Miller. 


Raleigh Dudley Morrill, associate professor of experimental en- 
gineering, New York University, died on March 11, 1933, at his home 
Stamford, Conn. He was born at Strafford, Vt.,on May 1, 1885, 
- the son of Henry A. and Clara A. Morrill. He attended high school 
in Athol, Mass., and was admitted to the University of Maine in 1907, 

after having attended the Massachusetts Institute of Technology. 
He spent the years 1907—1909 at Maine, but he did not fully complete 
his requirements until 1919, when he was graduated as of the class 
of 1909, receiving a B.S. degree with mechanical engineering as a 
major subject. In 1921 he received the professional degree of Elec- 
trical Engineer from the University of Maine and in 1925 the Uni- 
versity of Minnesota conferred an M.S. degree in mechanical engi- 
neering upon him. 

From 1907 to 1918 Professor Morrill was engaged in plant engineer- 
ing for mine equipment and hydroelectric engineering. He entered 
the teaching profession in 1918 as professor of electrical engineering 
at Norwich University, Vermont, where he remained until 1924. 
After a year with the Presby-Leland Company installing power equip- 
ment for a granite works, he went to Minneapolis, where he served 
as substitute professor of mechanical engineering until 1926, when 
he joined the staff of New York University as instructor in mechani- 
cal engineering and in heating and ventilating in the Evening School 
Division. He was made associate professor of experimental engi- 
neering in 1930. He also engaged for several years in research en- 
gineering for the Popular Science Institute. 


Professor Morrill became a member of the A.S.M.E. in 1927. He 
also belonged to the American Society of Heating and Ventilating 
Engineers and the American Society of Refrigerating Engineers, and 
had served as a member of the A.S.R.E. Committee on Standardizing 
Refrigerator Performance Tests. He had made a study of thermo- 
dynamics and allied problems in heat engineering, and was interested 
in the restoration of early American furniture. 
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SAMUEL LYNN MORROW (1872-1933) 


‘Samuel Lynn Morrow, head of the S. L. Morrow Engineering Co., 
manufacturers agents, Birmingham, Ala., died on October 29, 1933, 
following an appendicitis operation. Mr. Morrow was sales engi- 
neer, representing the Link-Belt Company, from 1919 to 1926, and 
subsequently represented the Chain Belt Company. The 8S. L. 
Morrow Engineering Co. was formed in 1926. 

Mr. Morrow was born at Dardanelle, Ark., on November 24, 1872, 
the son of William B. and Mary H. (Johnston) Morrow. He pre- 
pared for college at the Ft. Smith, Ark., High School and was gradu- 
ated from the Missouri School of Mines asa civil engineer in 1892. 
He held various positions in railroad surveying and construction 
work during the next six years, and in 1899 became chief engineer for 
the Little River Valley Railroad, in Arkansas. He spent about two 
years each in this position and as assistant engineer for the Frisco 
Railroad, in Arkansas and Oklahoma, and as division engineer for 
the Missouri Pacific Railroad in Southwest Missouri. While with 
the Missouri Pacific he assisted in locating some thirty miles of diffi- 
cult road and had charge of the construction of a tunnel 2755 feet 
long, driven from both ends. From 1905 to 1908 he was assistant 
chief engineer of the Atlanta, Birmingham & Atlantic Railroad, in 
charge of the Atlanta office. He supervised the design of all con- 
crete structures in connection with about 500 miles of road, as well 
as terminals. Four of the reinforced-concrete abutments which he 
designed were 61'/: ft high, at that time the highest ever built, and 
attracted considerable attention in the technical press. 

In 1909 Mr. Morrow entered the mining engmeering field as chief 
engineer for the Birmingham Coal & Iron Co. During his three 
years with the company he had general charge of all engineering work 
inside and outside the seven coal mines and two ore mines operated 
by the company, and of the construction of a modern steel tipple at 
the Mulga Mine. 

From 1913 to 1918 Mr. Morrow was chief engineer for the Wood- 
ward Iron Company, Woodward, Ala. His work included the rede- 
signing and rebuilding of blast furnaces; constructing two batteries 
of by-product coke ovens; supervising the design and construction 
of a complete benzo! plant; relining and rebuilding a blast furnace; 
sinking an iron-ore shaft 12 ft by 24 ft in cross section and 1300 ft 
deep, lined from top to bottom with steel timbers; designing concrete 
structures, both reinforced and plain, aggregating thousands of cubic 
yards; and designing and building a steel and brick engine house 80 
ft by 160 ft and some six hundred dwellings. 

Mr. Morrow became a member of the A.S.M.E. in 1920, and served 
as chairman of the Birmingham Section in 1926-1927. He held the 
32d degree in the Masonic fraternity and was a member of the Bir- 
mingham Club and a Presbyterian. He was also a member of the 
Joseph A. Holmes Safety Association and had contributed several 
articles to its sessions. 

Surviving Mr. Morrow are three sons, Lieut. S. L. Morrow, Jr., 
stationed with the 1lth Field Artillery, U.S.A., at Hawaii, T.H., 
and Ralph B. and Paul J. Morrow, of Birmingham. Mrs. Morrow, 
formerly Miss Tillie Mae Bartlett, died in February, 1934. 

EVERETT MORSS (1865-1933) 

Everett Morss, president of the Simplex Wire & Cabie Co., formerly 
the Simplex Electrical Comany, Boston, Mass., and for many years 
a member of the corporation of the Massachusetts Institute of Tech- 
nology, died at the Massachusetts General Hospital, Boston, on De- 
cember 27, 1933, following a short illness. 

Mr. Morss was born in Boston on March 6, 1865. the son of Charles 
Anthony and Mary Elizabeth (Wells) Morss. He was graduated 
from the English High School, Boston, in 1881, and in 1885 received 
the degree of bachelor of science from the Massachusetts Institute 
of Technology. 

He immediately undertook the manufacture of insulated wire. 
After nearly a year of experimental work he developed the Simplex 
T. Z. R. weatherproof wire. In 1889 he began to manufacture rubber 
insulated wire, the business gradually developing into the manufac- 
ture of all varieties of rubber insulated wire and cable. In 18%5, 
when the Simplex Electrical Company was incorporated, Mr. Morss 
became its vice-president, and in 1903, upon the death of his father, 
president. The name of the firm was changed to the Simplex Wire 
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& Cable Co. in 1913. Throughout the history of this company and 
its predecessors, Mr. Morss had charge of manufacture, including 
the development of all processes, building of factories, and all tech- 
nical and engineering problems. 

In 1895 he also took charge of the manufacture of electric heating 
apparatus for the American Electric Heating Corporation, but after 
two or three years was obliged to give up direct charge of this work 
because of insufficient time to devote to it. In 1902 he became vice- 
president of the Simplex Electric Heating Company, upon its incor- 
poration, and for a number of years he had much to do with the de- 
velopment and manufacture of its products, although not actively 
in personal charge. 

During the World War Mr. Morss served as member of the Priori- 
ties Committee, later becoming chief of the brass section of the War 
Industries Board, and as such had charge of the control of the nation- 
wide production of this material. He was a member of the social in- 
surance committee of the Massachusetts legislature during the ad- 
ministration of Governor McCall. He had been a member of the 
Corporation of Massachusetts Institute of Technology since 1908; 
a member of the executive committee from 1910 to 1921; and served 
as treasurer from 1921 to the time of his death. As chairman of 
the administrative board he was virtual head of the Institute for a 
time following the death of President Maclaurin in 1920. He was 
president of the Franklin Foundation, a trustee of the Morss Real 
Estate Trust, and director of the First National Bank, Columbian 
National Life Insurance Company, Arthur D. Little, Inc., Sierra 
Pacific Electric Company, Sierra Electric Power Company, Liberty 
Mutual Insurance Company, Old Colony Trust Company, all of 
Boston, Mass., and the Rumford Chemical Works, Providence, R.1. 
He was president of the Boston Chamber of Commerce in 1921. 

Mr. Morss became a member of the A.S.M.E. in 1914. He was 
a fellow of the American Institute of Electrical Engineers and a mem- 
ber of the Theta Zi fraternity and the following clubs: Metropolitan 
(Washington); Country (Brookline); Union, University, St. Bo- 
tolph, Exchange (Boston); and Engineers’ and Bankers’ (New York). 

In 1923 Tufts College conferred upon him the degree of Master of 
Arts. 

Mr. Morss is survived by his widow, Ethel (Reed) Morss, whom he 
married in 1891, and by a daughter, Constance (Mrs. Gardiner 
Fiske) and two sons, Everett and Noel Morss. 


GEORGE E. RANDLES (1876-1933) 

George E. Randles, president of The Foote-Burt Company, Cleve- 
land, Ohio, died at his home in Cleveland Heights on October 14, 
1933. He is credited with the development of a line of special drill- 
ing, boring, and tapping machines which helped to make possible the 
mass production of automobiles at low cost. 

Mr. Randles was born on January 9, 1876, on a farm near Argyle, 
N.Y. His early public-school education was later supplemented by 
technical courses in night school. He served a four-year apprentice- 
ship as a machinist with the Pratt & Whitney Co., Hartford, Conn., 
and subsequently was machinist, toolmaker, and European repre- 
sentative for the company, introducing the automatic screw machines, 
of both the standard and the magazine type, which he had helped to 
design and manufacture. He had charge of exhibits at the Stanley 
Cycle Show in London in 1899 and at the Paris Exposition the follow- 
ing year. 

From March, 1901, to March, 1906, Mr. Randles was manager 
of the Philadelphia branch of Manning, Maxwell & Moore, in com- 
plete charge of sales in that territory. During this period he designed 
the Zephyr window ventilator and developed special machinery for 
its manufacture. 

Mr. Randles became vice-president of The Foote-Burt Company 
in 1906. For the first three years he was in charge of sales, then 
took charge also of manufacture. His work on machinery for the 
manufacture of automobile parts was largely performed during these 
years. He was elected president in 1919. He was also a director of 
the National Acme Company. ‘ 

During the World War Mr. Randles was director of the mainte- 
nance division, Motor Transport Corps, and put into operation a 
successful system for the repair and rebuilding of army automotive 
transportation vehicles. 

Mr. Randles became a member of the A.S.M.E. in 1912 and also 
belonged to the Society of Automotive Engineers. He served as di- 
rector and treasurer of the National Machine Tool Builders’ Asso- 
ciation for many years. He helped to organize the Associated In- 
dustries of Cleveland, served as its president for two years, and had 
been continuously a member of its board of governors. He was 
chairman of the committee on industrial relations of the National 
Metal Trades Association, president of its Cleveland branch three 
years, and a member of the Cleveland executive committee for six years. 
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JAMES A. RANGER (1877-1933) 


James A. Ranger was born at Holyoke, Mass., on February 17, 
1877, the son of Casper and Katherine (Kilmurray) Ranger. Follow- 
ing his graduation from the Holyoke High School he attended Wil- 
liams College and Brown University. 

After leaving college, Mr. Ranger became assistant treasurer of 
the Casper Ranger Construction Company, which had been founded 
by his father, and in later years was made vice-president and then 
president of this company and also of the Casper Ranger Lumber 
Company. After the death of his father he laid the groundwork for 
what was to become the Hampshire Brick Company, of which he 
was also president. 

Casper Ranger and his three sons formed a family group which 
helped to build many important structures in Massachusetts. These 
include many of the buildings at Mt. Holyoke College and Smith 
College, industrial plants such as the mills of the American Writing 
Paper Co., Inc., and the Whiting Paper Company, the Springfield 
Institution for Savings and the United States Envelope Company, 
in Springfield, the West Boylston Mills in Easthampton, the Herald- 
Traveler Building in Boston, and the Skinner Memorial Chapel, the 
City National Bank, and a number of large residences in Holyoke. 

Mr. Ranger became an associate-member of the A.S.M.E. in 1918 
and also belonged to the State Brick Manufacturers’ Association in 
Massachusetts. He was a fellow of the American Geographical 
Society, a member of Psi Upsilon fraternity, and active in several 
other fraternal orders, including the Elks, Knights of Columbus, and 
Rotary Club. He was a Roman Catholic, belonging to the Holy 
Cross Church in Holyoke. He was a director of the Holyoke Day 
Nursery. 

While at Williams College Mr. Ranger took a prominent part in 
athletics as catcher on the baseball team. During his later years he 
turned to golf and became a member of the Mt. Tom Golf Club, 
Holyoke Country Club, and Orchards Golf Club. He was an ex- 
cellent player himself and took great pride in the golfing ability of 
both his son and daughter. He was also greatly interested in fine 
architecture and painting, and made a study of hydraulics, visiting 
a number of large projects. 

Surviving Mr. Ranger, in addition to his son, Casper J. Ranger, 
and daughter, Mary Louise Ranger, is his widow, Mary Evelyn 
(Scolley) Ranger, whom he married in 1905. His death occurred in 
Holyoke on June 12, 1933. 


ERWIN FRIEDRICH RUEHL (1894-1933) 


Erwin Friedrich Ruehl, whose death occurred on February 28 
1933, was born at Stuttgart, Germany, on September 1, 1894. 

Mr. Ruehl entered the German navy at the beginning of the World 
War in 1914 and performed engineering work on various ships up to 
14,000 tons, becoming an assistant chief engineer. From March to 
November, 1918, he was chief engineer on Diesel-engined submarines. 

After the Armistice Mr. Ruehl entered the technical high school 
at Stuttgart, from which he received a mechanical engineering de- 
gree in 1920. He won a prize in a contest on steam-engine design 
while at the university. 

Mr. Miller's first industrial position was with the Maschinen- 
fabrik Esslingen, at Esslingen, Germany. Subsequently he became 
a designer in the gas and oil engine department of Maschinenfabrik 
Thyssen & Co., Milheim-Ruhr, Germany. In 1921 he became as- 
sistant production engineer, in charge of erecting and inspecting gas 
and steam engines, pumps, and compressors. 

Mr. Ruehl had been in the United States since early 1924, when 
he took a position as designer and instructor for draftsmen and shop- 
men in the Diesel Department of the Hooven, Owens, Rentschler 
Company, Hamilton, Ohio. He remained with this company until 
1928, when he became assistant chief engineer of the Oil Engine De- 
partment of Cramp Morris Industrials, Inc., Philadelphia, Pa. He 
held the same position with the successor to that company, the I. P. 
Morris & De La Vergne, Inc. Since 1931 he had been chief engineer 
of the Diesel Department of the Baldwin-Southwark Corporation, 
at Eddystone and Chester, Pa. He held a patent on a Diesel engine 
and had made a number of contributions to the technical press on 
Diesel power and other subjects. 

Mr. Ruehl became a member of the A.S.M.E. in 1927 and also be- 
longed to the Verein deutscher Ingenieure and the Society of Auto- 
motive Engineers, as well as to the Masonic fraternity. 

Mr. Ruehl is survived by his widow, Elizabeth Ruehl. tine 


WILLIAM HENRY SHAFER (1864-1933) ors 


William Henry Shafer, secretary and works manager of the Ahrens- | 


Fox Fire Engine Company, Cincinnati, Ohio, died on August 5, 1933. A e 
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Mr. Shafer was born at Allentown, Pa., on October 20, 1864. Sup- 
plementing his early education in the schools of Allentown he took 
courses at later periods at the Ohio Mechanics Institute and through 
the International Correspondence Schools. He worked as a ma- 
chinist in Allentown and Bethlehem, Pa., and for the New York 
Central Railroad from 1880 to 1888 and during the next year in rail- 
road shops in Atlanta, Ga., and Knoxville, Tenn. 

In 1890 Mr. Shafer went to Cincinnati, where he secured employ- 
ment as machinist and toolmaker for the Blymyer Ice Machine Com- 
pany. In 1893 he worked as draftsman for F. J. Roth, consulting 
engineer of Cincinnati. The greater portion of the remainder of his 
life was spent with fire engine companies. He was associated with 
the American Fire Engine Company, Cincinnati, from 1894 to 1902, 
serving successively as machinist, draftsman and designer, and super- 
intendent. During the next year he was with the American La- 
France Fire Engine Company at Elmira, N.Y., in the capacity of 
superintendent, then returned to Cincinnati as designing engineer 
for the Ahrens-Fox Fire Engine Company. 

His first connection with this company was for a period of about 
two years. From 1906 to 1912 he was superintendent for the Cin- 
cinnati Machine Tool Company and its successor, the Cincinnati 
Bickford Tool Company, and, after spending 1913 in Rochester, N.Y., 
with the Rochester Boring Machine Company, he returned to the 
Bickford organization as sales engineer and special representative. 
He became connected with the Ahrens-Fox Fire Engine Company 
again in 1919. 

Mr. Shafer became a member of the A.S.M.E. in 1916 and was 
chairman of the Cincinnati Section in 1924. He was also a member 
of the Society of Automotive Engineers, American Society for Steel 
Treating (now American Society for Metals), the Masonic fraternity, 
and a number of Cincinnati clubs, including the Engineers, of which 
he was a director. 


SIDNEY W. SINSHEIMER (1875-1933) _ 


Sidney W. Sinsheimer, president of the American Beet Sugar Com- 
pany, died on October 3, 1933, at the St. Luke’s Hospital in Denver, 
Colo. 

Mr. Sinsheimer was born on April 7, 1875, at Vicksburg, Miss. 
He attended the University of California from 1891 to 1895, taking 
special work in chemistry and mechanical drawing, and during the 
next three years was chemist for the Chino Valley Beet Sugar Com- 
pany (which later became the American Beet Sugar Company). 
From 1898 to 1905 he was engaged in the construction and operation 
of beet sugar plants, working for the Oxnard Construction Company, 
of New York, the greater part of the time. Plants were built under 
his direction at Oxnard, Calif., Ames, Neb., Rocky Ford, Colo., and 
Croswell, Mich. In 1904 he was superintendent of the Owosso 
(Mich.) Sugar Company. 

In 1905 Mr. Sinsheimer became chief engineer for the Holly Con- 
struction Company and general superintendent of the Holly Sugar 
Company. He designed and built plants at Holly and Swink, Colo., 
and Huntington Beach, Calif. The last-named plant was electri- 
cally driven, the current being generated with turbine engines, and 
employed centrifugal compressors for lime-kiln gas and a turbo- 
vacuum pump on juice-evaporating apparatus, features new to beet 
sugar plants in this country at that time. 

Mr. Sinsheimer was elected to the board of directors of the Holly 
Sugar Company in 1912 and made vice-president and general mana- 
ger. He resigned in 1928 to become president of the American Beet 
Sugar Company. 

Mr. Sinsheimer became a member of the A.S.M.E. in 1914. He 
is survived by his second wife, Mrs. Gabrielle Quigley Sinsheimer. 


JONAS WALDO SMITH (1861-1933) 


Jonas Waldo Smith, who directed the construction of the Catskill 
Water Supply System for the City of New York, died of heart dis- 
ease on October 14, 1933, at his residence in New York. He had been 
in ill health for some months and had only recently returned to the 
city after spending the summer near the Ashokan Reservoir in the 
Catskills, which forms the nucleus of the Catskill system of New 
York’s water supply. 

Mr. Smith was born on a farm in Lincoln, Mass., near Boston, on 
March 9, 1861, the son of Francis and Abigail Prescott (Baker) 
Smith. At the age of 15 he had his first engineering experience in 
the simple water works of Lincoln and showed such aptitude that at 
the age of 17 he became chief engineer of the plant, performing the 
duties of fireman and pump operator and also those of general super- 
intendent of the outside work. 

After graduation from Phillips Academy at Andover in 1881, he 
was for three years an assistant in the office of the Essex Company 
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at Lawrence, Mass. While a student at the Massachusetts Institute 
of Technology, from which he was graduated in 1887, he spent his 
summer vacations of 1884 and 1885 with the Holyoke (Mass.) Water 
Power Company. From 1887 to 1890 he was assistant engineer of 
that company. 

In 1890 he became assistant engineer for the East Jersey Water 
Company, in charge of the construction of four dams for the water 
supply of Newark. On the completion of that work in 1892 he was 
made principal assistant engineer, and for the next five years was in 
charge of the operation and maintenance of the system, together with 
additional minor construction. In 1897 he became engineer and su- 
perintendent of several water-power companies in New Jersey, in- 
cluding those at Paterson, Passaic, and Montclair. 

As chief engineer of the East Jersey Water Company, in 1901, Mr. 
Smith directed the designing and construction of a mechanical filtra- 
tion plant at Little Falls, the largest and most modern plant of its 
kind in the United States at its completion. 

He served as consulting engineer, in 1902, during the completion 
of a new $7,500,000 water-supply system for Jersey City. The works 
comprised the Boonton Dam, a large masonry overflow structure with 
earthen dike; a concrete aqueduct; and large pipe lines. 

When that system was under construction, the post of chief engi- 
neer of the Aqueduct Commissioners of New York City became va- 
cant by the resignation of the former incumbent, and a committee of 
eminent engineers was requested by the mayor of that city to recom- 
mend the successor. They selected Mr. Smith, who was tendered 
the office, and he accepted it in October, 1903. 

There was a dangerous water shortage at the time, and during the 
first year of Mr. Smith’s term in office more work was done on the 
new Croton Dam than in any other year since the construction con- 
tract was signed in 1892. Surveys were also made for the Cross 
River and Croton Falls reservoirs, with respective capacities of 
11,000,000,000 and 15,000,000,000 gal, which were later built, and for 
a reservoir site near Patterson, N.Y. The Croton Dam, which was 
substantially completed during his administration, was the highest 
and largest masonry dam in the world at that time, and its reservoir 
exceeded in capacity all other existing water-works reservoirs. 

In June, 1905, the Board of Water Supply of the City of New York 
was organized under an act of the legislature to furnish an additional 
supply of water for the city, and on August first of that year Mr. 
Smith was appointed its first chief engineer. He took up his task 
promptly, and notwithstanding the fact that he had to build up an 
entire new force for the purpose, the studies were pushed so energeti- 
cally that on October 7, 1905—only ten weeks after his appointment 
he submitted a report to the Board which was a classic, recommend- 
ing that the water be obtained from the Catskill Mountain sources, 
100 miles north of the city, and outlined the general features of the 
system which has since been built and which has not departed from 
the original plan in any essential feature. An estimate of the cost 
was submitted with the report, and the work was done within that 
estimate. 

The dominant features of the project were the Ashokan Dam, 240 
ft high, across Esopus Creek at Olive Bridge in Ulster County, to im- 
pound about 128,000,000,000 gal of water, a conduit from it to the 
city with a daily capacity of about 600 million gal of water, a reser- 
voir at Kensico in Westchester County to store about 30,000,000,000 
gal, and an equalizing reservoir known as the Hillview reservoir in 
Yonkers, just north of the New York City boundary. The Board 
approved Mr. Smith’s recommendations, and after the required pub- 
lic hearings, the necessary approval of the State Water Supply Com- 
mission was obtained. Following this, work proceeded at once on 
the detailed field surveys, including the necessary soundings, and the 
designs of the structures required to place the work under contract, 
so that early in 1907 the first contract was let, others following rap- 
idly, until the work was under way all along the line. In 1915 the 
first Catskill water flowed into the Bronx. Two years later the new 
system was supplying Manhattan and Brooklyn, and, by means of 
a 36-in. pipe laid in a dredged channel across the Narrows from Brook- 
lyn, it was furnishing water to Staten Island, about 110 miles from 
its source in the mountains. When the water flowed through the 
faucets in the city homes it brought success to a task that General 
George W. Goethals, chief engineer of the Panama Canal, called an 
engineering achievement more difficult than cutting the Panama 
waterway. 

Since then, with the construction of the Gilboa Dam on Schoharie 
Creek, designed to impound 22,000,000,000 gal of water, the Catskill 
water-supply system extends for a total distance of 159 miles, from 
the northern slopes of the mountains to Staten Island. The system 
brings the city a daily supply of more than 500,000,000 gal of water, 
delivered into the five boroughs by gravity at pressures corresponding 
to elevations above tidewater ranging from 225 to 295 ft. The 
Esopus Creek watershed, the basis of the Ashokan project, comprises 
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approximately 257 sq miles, and with the Schoharie watershed com- 
prises 314 sq miles. The Ashokan reservoir, with its capacity of 
128,000,000,000 gal, provides storage not only for the run-off of the 
Esopus watershed but for that of the Schoharie as well, with which 
it is connected by an 18-mile tunnel under the Catskill Mountains. 
On this account the Schoharie reservoir has a storage capacity of 
only 22,000,000,000 gal to hold the storm flow of the stream until 
the tunnel can transfer it to the Ashokan. 

Novel and bold features of the Catskill Aqueduct are the deep 
rock-pressure tunnels or ‘“‘siphons’’ reaching hundreds of feet below 
the hydraulic gradient, some of them being from four to five miles 
in length. Perhaps the most notable of these, although not the most 
difficult to construct, was the tunnel under the Hudson River at Storm 
King, 14 ft in diameter inside of its circular concrete lining, driven 
1114 ft below the river’s surface. The shafts on the river banks were 
3022 ft apart and were about 1200 ft deep. Another was the 18-mile 
city Aqueduct tunnel, constructed hundreds of feet under the streets 
of the city and under the East River, being—when built—the longest 
tunnel in the world. Most of the aqueduct north of the city line was 
of cut-and-cover construction on the hydraulic gradient. Its normal 
cross-section of 241 sq ft was of horseshoe shape, with a vertical axis 
of 17.0 ft and a maximum horizontal axis of 17.5 ft. 

Mr. Smith resigned as chief engineer of the Board of Water Supply 
on May 31, 1922, to become a consulting engineer with the Board, 
which position he held until his death. He was convinced that still 
more water would be required in the near future to meet the growing 
needs of the city and that it was the part of wisdom and sound sense 
to plan for it. A well-considered plan was worked up for bringing 
the additional water from the East branch of the Delaware River, but 
the financial condition of the city has been given as an excuse for the 
delay in advancing the work. 

His advice has been sought on many projects, including the Moffat 
Tunnel through the Continental Divide near Denver, and new water- 
supply systems for Boston, Providence, Hartford, Kansas City, San 
Francisco, Philadelphia, Baltimore, Kingston, N.Y., and Vancouver. 

The John Fritz Medal, regarded as the highest honor in the engi- 
neering profession, was awarded to Mr. Smith in 1918 by the Board 
of Award representing the four national engineering societies for 
“achievement as an engineer in providing the City of New York with 
a supply of water.’’ In 1918, Columbia University conferred upon 
him the degree of Doctor of Science and Stevens Institute of Tech- 
nology honored him with a degree of Doctor of Engineering. In 
1925 he received the Washington Award of the Western Society of 
Engineers. 

Mr. Smith was an honorary member of the American Society of 
Civil Engineers, and had been a director and a vice-president of that 
society. He was also a member of the American Waterworks Asso- 
ciation and of the New England Waterworks Association. 

He became a member of the A.S.M.E. in 1896 and has belonged to 
the American Institute of Consulting Engineers, American Public 
Health Association, Institution of Civil Engineers of Great Britain, 
Boston Society of Civil Engineers, The Franklin Institute, New 
Jersey Sanitary Association, New York State Chamber of Commerce, 
Municipal Engineers of New York, New England Society of New 
York, the Century Association, and the City, Pleiades, Technology, 
and Engineers’ Clubs of New York. 

Surviving are a brother, Frank Webster Smith, of Ridgewood, N.J., 
and three nephews, Francis Prescott Smith, Charles Webster Smith, 
and Sumner Smith. 

Mr. Smith possessed one of those rare characters which combined 
engineering and business sense with great executive ability and high 
qualities of leadership. He was blessed with a personality which in- 
spired men, and commanded the respect and loyalty of his subordi- 
nates, the confidence of his employers, and the affection of his friends. 
With all this he was a man of true modesty, insisting that the success 
of the enterprise was due to the loyalty and enthusiasm of his workers. 
To those who had the privilege of working with him it is hard to find 
adequate words to describe the many excellent qualities of this great 
human man. Only his associates know how much of himself he gave 
to the accomplishment of the task of bringing the blessing of Catskill 
water to the City of New York, and they realize what a monument 
that great project—the world’s greatest water-supply system—is to 
him.—Rosert Riveway.! 


HUBERT CONRAD SPARKS (1874-1933) 


Colonel Hubert Conrad Sparks, consulting engineer, Kingston Hill, 
Surrey, England, died on October 15, 1933, following an operation. 
He was born in London, England, on February 14, 1874, the son of 
Mr. and Mrs. Ernest A. Sparks. He attended the Temple Grove 


1 New York, N.Y. 


School, the Repton School, Derbyshire, and the Eiectrical Standardis- 
ing, Testing and Training Institution, Faraday House, London. He 
then served a three-year apprenticeship and worked for a year with 
W. H. Allen, Sons & Co., Ltd., London and Bedford, on steam pumps, 
fans, gas exhausters, refrigerating and lighting plants. From 1895 to 
1900 he was in charge of equipment of power plants in the London 
district for S. Z. de Ferranti, Ltd., Oldham. He then spent four years 
as head of the erection department of Babcock & Wilcox Co., Ltd., 
and two as London representative of Yates & Thom Ltd., millwrights 
and ironfounders of Blackburn. 

Colonel Sparks took up consulting work in 1907 in partnership with 
his brother, Charles P. Sparks, and, with the exception of the period 
of the World War, was ean active member of the firm of Sparks & 
Partners until he retired in 1926. Their work consisted of the design 
of power generating stations, electrical transmission systems, and 
power plants for mills, mining projects, and factories in Great Britain, 
the Dominions and Colonies, and the United States and other parts of 
the world. 

Colonel Sparks was a member of both the Institution of Mechanical 
Engineers and the Institution of Electrical Engineers, of Great 
Britain, and served for three years (1917-1920) on the Council of 
the latter. He was president of the Faraday Old Students’ Association 
from 1915 to 1919 and was governor of Faraday House from 1920 to 
1924. 

Colonel Sparks joined the London Scottish Regiment as a private 
in 1900 and in September, 1914, went to France as a sergeant in the 
lst Battalion. He was wounded in December, returned to the front 
as a commissioned officer in March, 1915, and was continually in 
active service until January, 1919, advancing to the post of Com- 
mandant of Labour of the 3rd Army. He was awarded the Military 
Cross, Distinguished Service Order, and Croix de Guerre with Palms 
and was made a Companion of the Order of St. Michael and St. 
George for his services. 

Colonel Sparks had been a member of the A.S.M.E. since 1913. 
With the exception of the War period he had visited the United 
States annually for many years, keeping in touch with developments 
in the power field here, principally in connection with the use of 
powdered fuel and the application of power to oil fields. Since his 
retirement he had devoted himself to the interests of the London 
Scottish Regiment and the British Legion. He was chairman of the 
St. George’s (Hanover Square) Branch of the British Legion for some 
years. 


CHARLES SPIRO (1850-1933) 


Charles Spiro, president of The C. Spiro Manufacturing Company, 
Dobbs Ferry, N.Y., since 1909, died on December 17, 1933, at his 
residence in New York, N.Y. He had been a member of the A.S.M.E. 
since 1908. 

Mr. Spiro was born in New York on January 1, 1850, the son of 
Joseph and Louise Spiro. At the age of 16 he became an apprentice 
in the watchmaking business, in which his father was engaged, and 
learned how to design watches, clocks, and chronometers, and also the 
machinery and fine tools for such work. He invented a stem-setting 
device for watches, previously set with a key, sold the patent, and 
took a trip around the world. 

He then decided to study law. He played the violin in a theater 
orchestra evenings to support himself and three sisters while attending 
Washington University and New York University and secured his 
= from the latter in 1875. He practised law until 1886, success- 

ully. 

His interest in mechanical design continued, however, and in 1879 
he designed a matrix-making machine. The following year he pub- 
lished a new system of shorthand, dispensing with shaded lines. But 
it was in the design and manufacture of typewriters that he was 
best known. His ‘‘Columbia Bar-Lock” was the first machine with 
writing constantly in view and he was associated with the Columbia 
Typewriter Manufacturing Company, New York, from 1886 to 1917, 
serving as general manager and later as president of the company. 
He invented the ‘“Visigraph” typewriter and was president of the 
Visigraph Typewriter Company from 1917 to 1924. He had been 
president of The C. Spiro Manufacturing Company since 1909. 

Mr. Spiro held several hundred patents in the United States and 
other countries. He invented the “Sterling” and ‘“‘Gourland” ma- 
chines, the ‘‘Tele-Typer,” a forerunner of the modern telegraphic 
typewriters, and many separate parts:for typewriters. Only two 
days before his death he was at work on an improved form of reflex 
camera, photography being one of his hobbies almost from its in- 
ception. 

Surviving Mr. Spiro are four sons, Walter J., Frederick L., William 
L., and George C. Spiro. Their mother, who died in 1928, was Grace 
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JACOB M. SPITZGLASS (1869-1933) 


Jacob M. Spitzglass, vice-president of the Republic Flow Meters 
Company, Chicago, IIl., died in that city on October 1, 1933. 

He was born at Korsoun, Russia, on June 14, 1869, and came to the 
United States in 1904. After securing a B.S. degree from the Armour 
Institute of Technology in 1909 he took a position in the Motive 
Power Department of the Armour Glue Works, Chicago. In 1911 he 
joined the Engineering Department of the Peoples Gas Light & Coke 
Co., where he conducted special tests on the flow of gas. He designed 
flow-of-gas charts and presented a paper on flow-of-gas formulas be- 
fore the Illinois Gas Association in March, 1912. He became asso- 
ciated with the Republic Flow Meters Company as vice-president and 
consulting engineer in 1917. 

In 1913 Mr. Spitzglass received the degree of M.E. from the Armour 
Institute of Technology. His slide rule and flow computer for the 
solution of problems involving the flow of any fluid in pipes were put 
on the market about this time. 

Mr. Spitzglass was elected to membership in the A.S.M.E. in 1914. 
He became an active member of the A.S.M.E. Special Research Com- 
mittee which was organized in that year and served as its secretary 
for 15 years. His work on this committee prompted him to write 
many papers on the various aspects of this subject. The two most 
important of these contributions to the art are ‘‘Orifice Coefficients” 
(1922) and “Similarity: Limitations in Its Applications to Fluid 
Flow” (1929). During a year’s stay in Europe in 1927 Mr. Spitz- 
glass was requested by the Special Research Committee on Fluid 
Meters to confer with similar groups for the purpose of stimulating 
international interest in this study. He was successful in helping to 
organize a research committee on fluid meters in Germany. 

In 1921 The Franklin Institute awarded Mr. Spitzglass the Edward 
Longstreth Medal ‘‘in consideration of the novelty of recording elec- 
trically the flow of liquids in pipes, and the mechanical simplicity and 
excellence of this measuring apparatus.” 

Surviving Mr. Spitzglass are his widow and two sons, Albert and 
Leonard Spitzglass. 

. ARCHIBALD ALSTON STEVENSON (1862-1933) 


Archibald Alston Stevenson, who retired in 1929 as vice-president 
of the Standard Steel Works Company, Burnham, Pa., died of pneu- 
monia at his home in Ardmore, Pa., on December 15, 1933. He was 
born in Allegheny City, Pa., on April 10, 1862, the son of Joseph P. 
and Margaret Jane (Alston) Stevenson. He was graduated from the 
Rock Island, Ill., high school in 1878 and after a year as rodman on 
the Government’s Mississippi River Survey, studied for two years at 
the University of Illinois. 

Mr. Stevenson entered the employ of the Southwark Foundry & 
Machine Co., Philadelphia, Pa., as draftsman in July, 1881, and re- 
mained with the company until March, 1886, the last year as foreman 
of the drafting room. He then took a position at the Cambria Iron 
Works, Johnstown, Pa., as draftsman in the chief engineer’s office, and 
was later made foreman of the forge and axle plant. He assisted in 
experimental work on axles and forgings and designed the furnace 
and equipment for their commercial heat treatment. 

He became identified with the Standard Steel Works Company on 
August 1, 1888, as traveling engineer, and held successively positions 
of manager of the wheel department, engineer, assistant superin- 
tendent, and superintendent, prior to his election to the office of vice- 
president in 1908. He was in charge of manufacture from 1920 until 
his retirement in 1929. In 1898 Mr. Stevenson spent some time on 
the use of the microscope for metallurgical investigation and his com- 
pany was one of the first four to purchase one of these instruments for 
research work in the steel industry. 

Mr. Stevenson was also a director of the Goodall Rubber Com- 
pany and the Linear Packing & Rubber Co., Philadelphia. During 
the World War ‘he was chairman of the Gun-Howitzer Production 
Club, an organization formed by producers of large gun forgings to 
speed up production. He belonged to the Union League and Engi- 
neers Clubs, Philadelphia, and the Engineers’ Club, New York. 

In technical society work Mr. Stevenson was an outstanding figure. 
He had been active in the American Society for Testing Materials 
since its organization, having been a member of the International 
Association for Testing Materials at the time the American group 
severed its connection with that organization to form a new society. 
He did much to shape and guide the new organization during its early 
years, particularly in connection with its standardization work. He 
served for many years on its iron and steel committee and as chairman 
of some of its subcommittees. He was elected a member of the 
executive committee in 1911, a vice-president in 1914, and president 
in 1916. He represented the society on the Engineering Division of 
the National Research Council in 1918 and at the completion of his 


two-year term was reappointed for a term of three years as represen- 
tative at large. He was elected an honorary member of the society 
in 1927. 

Mr. Stevenson’s interest in standardization led to his becoming in 
1918 one of the organizers of the American Engineering Standards 
Committee (the present American Standards Association), of which 
he was chairman in 1920 and 1921 and which he served as representa- 
tive to the Department of Commerce. He was appointed a member 
of the planning committee of the Division of Simplified Practice of 
the Department of Commerce by Secretary Hoover in 1922. 

Mr. Stevenson became a member of the A.S.M.E. in 1888 and was 
also a member of the American Society for Steel Treating, American 
Iron and Steel Institute, the Association of American Steel Manu- 
facturers, of which he had been president, and the American Institute 
of Mining and Metallurgical Engineers, of whose iron and steel com- 
mittee he was the first chairman. 

Surviving Mr. Stevenson are his widow, Margaret (Dart) Steven- 
son, whom he married in 1899, and a daughter, Margaret (Stevenson) 
McCreery. 


HOLGER STRUCKMANN (1878-1933) 


Holger Struckmann, president of the International Cement Corpo- 
ration, died on November 17, 1933, in Copenhagen. He had recently 
completed a business trip to the subsidiaries of the company in Ar- 
gentina, Uruguay, an? Brazil, and was visiting his native country 
before returning to United States. 

Mr. Struckmanp born in Aalborg, Denmark, on April 25, 1878. 
The family moved io Copenhagen while he was a young boy and he 
served a five-year apprenticeship in the machine shop of the Nielsen 
& Winter Machine Works there. He then took a mechanical engi- 
neering course at the Copenhagen technical institute, from which 
he was graduated in 1898. During the next year he worked as a 
draftsman for Nielsen & Winter, then spent a year as assistant engi- 
neer in the Danish navy. From 1900 to 1902 he was employed as 
a mechanical engineer by the Lobnitz Ship Building Company, Ltd., 
Renfrew, Scotland, and Vicker Sons & Maxim’s Construction Works, 
Barrow-Infurness, England. 

Mr. Struckmann came to the United States in 1902 and was em- 
ployed for a short time as mechanical engineer and superintendent 
by F. L. Smidth & Co. consulting engineers, New York. He became 
connected with the cement industry in 1903 when he took the position 
of superintendent of the Nazareth Portland Cement Company at 
Nazareth, Pa. The following year he accepted a similar post with 
the St. Louis Portland Cement Company. In 1907 he was mace 
chief engineer and general manager of that company and, when it 
was absorbed by The Union Sand & Material Co. in 1907, he was 
appointed third vice-president of the latter and placed in charge of 
the works at St. Louis. In 1911 he resigned and became associated 
with the Iola Portland Cement Company with office in Kansas City, 
and in 1915 became its president. He was also vice-president of the 
Texas Portland Cement Company of Dallas. 

Mr. Struckmann became associated with the International Port- 
land Cement Company of New York in 1917 and organized cement 
plants in Cuba and Argentina. In 1919 he was elected president of 
the International Cement Corporation, which was organized to take 
over the three foreign subsidiaries then owned by the International 
Portland Cement Company of New York, together with the do- 
mestic companies of the Texas Portland Cement Company and the 
Knickerbocker Portland Cement Company. 

Under his management the International Cement Corporation 
grew to embrace subsidiaries in Cuba, Argentina, Uruguay, and 
Brazil, as well as domestic subsidiaries in New York, Pennsylvania, 
Indiana, Kansas, Alabama, Texas, Louisiana, and Virginia. 

Mr. Struckmann became a member of the A.S.M.E. in 1909 and 
also belonged to the American Society of Civil Engineers. He was a 
naturalized American citizen but recently had been knighted by 
King Christian X of Denmark. His home was at Rye, N.Y., and his 
love of the sea, inherited from his father, a sea captain, was satisfied, 
in part, by yachting on Long Island Sound. 

His first wife, the former Miss Ellen Cannon, died in 1921. He 
later married Miss Carla Clausen, who died on April 12, 1934. He 
is survived by an adopted daughter, Miss Louise Struckmann, 3 
niece of his first wife, and by a sister, Mrs. Ingar Knudsen, of Copen-_ 
hagen. 


EDWARD WILLIAM THOMSON (1882-1933) 


Edward William Thomson, of Homer, La., died on August 25, 
1933, at Knoxville, Tenn., while on a business trip. He was born at 
Qelhi, La., on August 31, 1882, the son of Edward William and Mary 
S. (Edwards) Thomson. He received a B.S. degree from the Uni- 
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versity of Nashville in 1903 and a B.E. degree from Tulane Univer- 
sity in 1908. An M.E. degree was conferred upon him by the latter 
institution in 1918. 

From 1908 to 1911 Mr. Thomson worked as a draftsman and erec- 
tor for the South Porto Rico Sugar Company, Ensenada, P.R. For 
the next year he was engineer and salesman for The Dyer Company, 
Cleveland, Ohio. He then went to Cuba as chief engineer for the 
American Trading Company and during the next few years directed 
the design and reconstruction of several sugar factories. Early in 
1917 he became chief engineer for the Central Cunagua, Moron, 
Cuba, for which he built a large factory and directed its operation 
through the first season. 

Mr. Thomson was Cuban representative in 1918 for the Allied 
Sugar Machinery Corporation, New York. The following year he 
took the position of chief engineer of Zaldo Martinez & Compania, 
Havana, serving as representative in Cuba of a number of firms, in- 
cluding the General Electric Company, Ingersoll-Rand Company, 
Cameron Pump Company, and Otis Elevator Company. He re- 
turned to the States in 1922 and during the next five years was in- 
terested in power developments in North Carolina, forming the 
E. W. Thomson Power Co., at Shulls Mills, and the Blowing Rock 
Light & Power Co., Blowing Rock. From 1927 to 1930 he was resi- 
dent engineer for Lockwood Greene & Co., Inc., Statesville and 
Charlotte, N.C. 

In 1922 Mr. Thomson married Sarah T. Meadors, of Homer, La. 
He is survived by her and their daughter, Sarah Katharine Thomson. 

Mr. Thomson became a member of the A.S.M.E. in 1919. He 
belonged to the Sigma Tau fraternity. 


JOSEPH HERVEY WALCOTT (1890-1933) 


Joseph Hervey Walcott, plant superintendent of the Seth Thomas 
Clock Company, Thomaston, Conn., died on December 13, 1933. 
He was born on January 3, 1890, at Danvers, Mass., the son of Wil- 
liam Sprague and Ellen Jane (Bolster) Walcott. After completing 
his high-school education at Salem, Mass., he worked for four 
years for the United Shoe Machinery Corporation, Beverly, Mass., 
the latter part of the time on die sinking. In 1914 he secured similar 
work at the Boston Navy Yard, where he soon was made shop in- 
structor in toolmaking and die sinking. Later he was appointed 
senior instructor for the first naval district, and held that position 
until he left the Navy Yard in 1921. During the World War he was 
put on special work connected with the North Sea mine field, served 
as a member of the Rating Board for classing mechanics, and gave 
instruction in navigation and mathematics to junior and petty officers 
deficient in those subjects. 

After leaving the Navy in 1921 Mr. Walcott was connected for a 
number of years with the Helburn Thompson Company, Salem, 
Mass., designing new machines for the tanning industry. He was 
made head of the experimental department and also filled the posi- 
tion of plant engineer for the Salem plant as well as one at Brewer, 
Me. He invented a machine for grading leather and also a brushing 
machine used in the leather industry. 

While at the Navy Yard and with the Helburn Thompson Com- 
pany Mr. Walcott took evening courses in electrical and mechanical 
engineering at the Lowell Institute and Massachusetts Institute of 
Technology. In 1928 he went to Worcester, Mass., as mechanical 
engineer for the Graton & Knight Manufacturing Co. and for four 
years prior to his death had been plant superintendent of the Seth 
Thomas Clock Company. ; 

Mr. Walcott became an associate-member of the A.S.M.E. in 1926. 
He was a life member of the Appalachian Mountain Club and greatly 
enjoyed such outdoor sports as snowshoeing, skiing, skating, swim- 
ming, and mountain climbing. Before he was twenty he had built 
a sailboat which he used for more than ten years along the New En- 
gland Coast. He belonged to the Rod and Gun Club, at Thomaston, 
the Foremen’s Association at Waterbury, Conn., and the Masonic 
fraternity. He was a Congregationalist. 

Surviving Mr. Walcott are his widow, Florence (MacEachern) 
Walcott, whom he married in 1928, and one son, William Jonathan 
Walcott. 


JAMES N. WARRINGTON (1860-1933) 


James N. Warrington, who died in Los Angeles, Calif., on Septem- 
ber 19, 1933, was born in Chicago, Ill., on January 22, 1860, the son 
of Henry and Elizabeth (McArthur) Warrington. He was educated 
at the University of Illinois and Stevens Institute of Technology, 
securing his degree as a mechanical engineer from the latter in 1883. 
He immediately took a position as draftsman and designer with the 
Vulcan Iron Works, Chicago. He was promoted to the position of 
secretary after about three years and was connected with the organi- 
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zation until 1891 and again from 1896 to 1899, as engineer in charge 
of design and estimating. He retired in 1899 because of ill health 
and had since made his home in Los Angeles and Honolulu. 

Mr. Warrington was the author of many articles on hull and pro- 
peller design and was the patentee of the Warrington steam pile 
driver, the Vulcan pile driver, and the California pile extractor. 

Mr. Warrington became a junior member of the A.S.M.E. in 1883 
and a member two years later. He had belonged to the Society of 
Naval Architects and Marine Engineers since its foundation in 1893, 
and was also a member of the American Society of Military Engi- 
neers. He had never married. 


HENRY HERMAN WESTINGHOUSE (1853-1933) 


Henry Herman Westinghouse, chairman of the board of the West- 
inghouse Air Brake Company and inventor of the single-acting steam 
engine, died at his home, *‘Floremar,’’ in Goshen, N.Y., on Novem- 
ber 18, 1933. Mr. Westinghouse became a member of the A.S.M.E. 
in 1884 and served as a manager of the Society for the term 1889— 
1892 and as a vice-president for 1904-1906. 

One of ten children of George and Emmeline (Vedder) Westing- 
house, he was born at Central Bridge, Schoharie County, N.Y., on 
November 16, 1853. He began his engineering career as an assis- 
tant to his father, who was a manufacturer of agricultural imple- 
ments in Schenectady. He was graduated from Union Classical 
Institute, Schenectady, in 1870, and the following year entered Cor- 
nell University to study mechanical engineering. 

Instead of completing his course at Cornell, he went to Pittsburgh 
in 1873 to take a position in the Westinghouse Air Brake Company, 
organized by his brother, George Westinghouse, three years previ- 
ously. Mr. Westinghouse began at the bottom, working successively 
in the foundry, the machine shop, and the drafting room. After 
serving as general agent of the company for a time, he became general 
manager in 1887 and vice-president ten years later. 

In 1914, on the death of his brother, Mr. Westinghouse was made 
president of the company. He was elected chairman of the board 
in 1916. Although not recently actively engaged in the management 
of the company, he was in close touch with its operation and exerted 
a strong influence in the shaping of its policies. 

He had inherited a talent for mechanical development from his 
father and in 1880 invented the single-acting steam engine and or- 
ganized the Westinghouse Machine Company for its manufacture. 
In 1885, in association with William L. Church, Walter C. Kerr, and 
I. H. Davis, he formed the firm of Westinghouse, Church, Kerr & 
Co., which marketed the engine, and of which he was president for 
many years. He made important contributions to the refinement 
of the air brake and his designs for other machinery made him one 
of the leading mechanical engineers of the country. 

Mr. Westinghouse was also chairman of the board of the Canadian 
Westinghouse Company, Ltd., director and president of Compagnie 
des Freins Westinghouse, Paris, and a director of the Union Switch & 
Signal Co., the Westinghouse Electric & Manufacturing Co., the 
Westinghouse Brake & Saxby Signal Co., Ltd., London, the West- 
inghouse Brake Co. of Australasia, Ltd., Sydney, and the Westing- 
house Brake Subsidiaries, Ltd., London. 

He was a member of the United States Chamber of Commerce, the 
National Industrial Conference Board, Inc., and the Merchants 
Association of New York. He was elected a fellow of the American 
Association for the Advancement of Science in 1925 and was a mem- 
ber of the American Academy of Political and Social Science. He 
was a trustee of Cornell University and of Rollins College and held 
the honorary degree of Doctor of Science from Rollins. For many 
years he was a trustee of the West End Presbyterian Church, New 
York. 

His clubs included the Grolier, Cornell, Bankers, Engineers’ and 
the Century Association of New York and the Duquesne and Univer- 
sity Clubs of Pittsburgh. 

Surviving are his widow, the former Clara Louise Saltmarsh, of 
Ithaca, N.Y., whom he married in 1875, and a daughter, Mrs. Ed- 
ward T. Clarke, of Goshen. ; 


WALLACE WHITE (1892-1933) 


Wallace White, a partner in the firm of Wm. Wallace White and 
Wallace White, patent and trademark lawyers, New York, N.Y., 
died on September 18, 1933. Mr. White was born in New York on 
September 15, 1892, and lived there the greater part of his life. He 
attended Columbia University, from which he received an A.B. de- 
gree in 1913 and an M.E. two years later. He immediately engaged 
in patent work and was admitted to practise before the Patent Office _ . bf 
in 1916. He spent the next few years in practical engineering work _ 
as a machinist for the Texas Steamship Corporation, Bath, Maine, iy. ye - 
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and as draftsman in the Engine Drafting Department and assistant 
in the Scientific Department of the New York Shipbuilding Company, 
Camden, N.J. He returned to patent work in 1919 and following 
his graduation from the New York Law School was admitted to the 
Bar of New York State in January, 1921. The following year he 
was admitted to partnership with his father, Wm. Wallace White. 

Mr. White was admitted to the United States District Court, 
Southern District of New York, and also to the Court of Appeals, 
District of Columbia, in 1925. He was admitted to practise before 
the Canadian Patent Office in 1923. He had been a member of the 
New York Patent Law Association since its formation in 1922, be- 
came a member of its Board of Governors in 1928, served as vice- 
president from 1929 to 1932, and was also chairman of its Committee 
on Meetings. He was a member of the American Patent Law Asso- 
ciation, New York County Lawyers Association, and Association of 
the Bar of the City of New York, and had served on the patents and 
trademarks committees of the latter. He was a non-resident member 
of the Chicago Patent Law Association. 

Mr. White was acting editor of the Patent and Trade Mark Re- 
view from January, 1919, to 1924. He served as vice-consul of 
Paraguay in New York from 1922 to the time of his death. He was 
elected to membership to Tau Beta Phi and Sigma Xi, both honorary 
engineering fraternities, became an associate-member of the A.S.M.E. 
in 1921 and a member in 1928, and was co-author of ‘Patents 
Throughout the World,’ published in 1923. 
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JONATHAN ALLWOOD WILSON (1875-1933) 


of 

- Jonathan Allwood Wilson, the son of William F. G. and Phillis 
(Allwood) Wilson, was a native of Scotland, having been born at 
Leith on July 8, 1875. He was educated in England. He served 
a five-year apprenticeship in engineering design and construction with 
Stacey, Shardlow & Browns, Sheffield, England, and spent the next 
fifteen years with the International Navigation Company. For ten 
years he was assistant marine engineer on various vessels and sub- 
sequently chief marine engineer on the 8.S. Kensington and South- 
wark. 

In 1910 Mr. Wilson became traveling engineer for Babcock & 
Wilcox Co., Bayonne, N.J., with which he was associated until 1916. 
He then served the Todd Shipyards Corporation, New York, as pur- 
chasing agent for about a year. From 1917 to 1920 he was general 
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superintendent of outfitting for the American International Ship- 
building Company, Hog Island, Pa., and during the next five years 
was deputy chief surveyor for the American Marine Insurance Syn- 
dicates, New York. From 1926 until his death on December 7, 1933, 
he was superintendent engineer for the Chile Steamship Company, 
New York. 

Mr. Wilson became a member of the A.S.M.E. in 1915. He is 
survived by his widow, Celine (Rothera) Wilson, whom he married 
in 1913, and by three sons by a previous marriage, William C., J. 
Donald, and Jonathan R. Wilson. Their home was at Hampton, 
Conn. 


ROBERT FRANKLIN WISELOGEL (1874-1933) = 


Robert Franklin Wiselogel died in Minneapolis, Minn., on De- 
cember 5, 1933. He was born in Chicago, IIl., on August 9, 1874, 
the son of Frederick George and Anna (Haney) Wiselogel. He pre- 
pared for college at public schools in Indianapolis, Ind., and secured 
a B.M.E. degree at Purdue University in 1895. 

His first position was as a draftsman at the John O’Brien Boiler 
Works Company, St. Louis, Mo., and with the exception of two pe- 
riods of about a year each he was connected with that company until 
1915, serving after 1901 as estimator and engineer. He was assistant 
engineer for the International Waste Utilization Company, Boston, 
Mass., in 1903-1904, and mechanical engineer for the Casey-Hedges 
Company, Chattanooga, Tenn., in 1909-1910. 

From 1915 to 1922 Mr. Wiselogel was associated with the John 
Nooter Boiler Works Company, St. Louis, for three years as sales 
engineer and subsequently as second vice-president. During the 
next three years he was sales manager for the Brown Machinery 
Company, St. Louis. In 1925 he went to Framingham, Mass., to 
become boiler designer for the International Engineering Works, 
manufacturers of water tube boilers. After about a year there he 
went to Pittsburgh, Pa., to take the position of estimator for the Ladd 
Water Tube Boiler Company, and in 1928 held a similar position 
with the Combustion Engineering Corporation, New York. From 
then until ill health forced his withdrawal at the beginning of 1931 he 
was connected with the Erie City Iron Works, Erie, Pa., first as es- 
timator and later as sales engineer. 

Mr. Wiselogel became a member of the A.S.M.E. in 1918, and was 
very active in the Masonic fraternity. 
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extends its deep appreciation. 


= _ thought to promoting the interests of the members. These included a clarifica- 
oe tion of Society purposes, proposals for revising the membership grades and for . i 
aiding the employment of engineers. 
3 During the year many comments came from members regarding Society policy. 
Every letter was brought to the attention of members of the Council and in this a 
way the views of the individual were brought under the notice of the governing ~~ 
body of the Society. 


Tue Sratus oF THE ENGINEER 


HE Society is one of the bodies participating in Engineers’ 

Council for Professional Development whose stated pur- 

pose is the enhancement of the status of the engineer. 
During the year this new body, ECPD, asked that it be au- 
thorized to prepare a list of accredited engineering schools, a 
necessity in unifying the licensing requirements of the various 
states. The A.S.M.E. with the other bodies in ECPD acceded 
to this request and an accrediting program is under way. Asa 
first step in establishing a basis for professional recognition 
ECPD adopted a Minimum Definition of an Engineer which 
has been approved in principle by the A.S.M.E. A scheme of 
uniform grades of membership advanced by ECPD is having 
consideration. 

During the next year the Society must give increasing attention 
to two important functions that are to be developed in coopera- 
tion with ECPD, namely, the selection and guidance of young 
men who are planning to enter engineering as a career and the 
stimulation of a self-development program for young men who 
have been graduated from school and are preparing themselves 
to become full-fledged engineers. 

To protect the position of the professional engineer in his rela- 
tions to architects and contractors a Code has been drafted for 
engineers in the construction industry by a committee on which 
A.S.M.E. had one representative. It covers those engaged 
competitively in the business of rendering engineering service to a 
client in the form of design. The draft had not been approved 
by NRA on September 30, 1934. If put into effect by NRA the 
Code will deal only with so-called consulting engineers. The 
code activity has aroused some misunderstanding on the part of 
members who felt that the NRA Code procedure gave oppor- 
tunity to establish salary rates for professional work. The NRA 
Codes establish only minimum wages for unskilled labor and care 
is taken in the Code for the engineering division of the construc- 
tion industry to stipulate that engineering services are of a pro- 
fessional grade. 


UNIFYING THE PROFESSION 


For two years a Coordina’.. , Committee of the United En- 
gineering Trustees has been v. :king with representatives of the 
major engineering societies to establish some means of coordinat- 
ing the joint activities of the engineering profession to make it 


more effective in carrying out its organized purpose. to 


Report of the Council 


' The program of far-reaching economy adopted in the summer of 1933 for the 
year just closed was completed successfully. The activities of the Society were 
conducted on a reduced scale, expenditures were substantially less than income, and 
the Society debt was materially reduced. This success was due to the loyal co- 
operation of the members, the committees, and the staff, and to them Council 


The balanced budget enabled Council and its Executive Committee to give more 


The Coordinating Committee has recommended that a na- 
tional advisory board of engineers be established as a permanent 
coordinating committee. The A.S.M.E. Council has approved 
this recommendation. 


EMPLOYMENT OF ENGINEERS 


For the past year and a half the Society has been giving atten- 
tion to the economie and industrial conditions affecting the em- 
ployment of engineers. In October and November, 1933, the 
A.S.M.E. Capital Goods Industries Committee conducted 
a survey of the possibility of an expansion of capital-goods pur- 
chases by industry. At that time the general condition existing 
made it improbable that this expansion could be secured. Vari- 
ous codes under the NRA prohibited the purchase of new equip- 
ment. The deleterious effects of these provisions are now being 
studied so that they may be offset by bringing them to public 
notice. 

At the Denver meeting in June, 1934, a resolution adopted by 
the Local Sections’ Delegates and transmitted to Council asked 
that the Society develop a program to increase employment of 
mechanical engineers. This resolution resulted in a report from 
the A.S.M.E. Capital Goods Industries Committee (October, 
1934, Mechanical Engineering) with recommendations for an ac- 
tive program on which Council is engaged as the fiscal year 
closes. 

Whereas in the years immediately preceding the depression en- 
gineers’ services were more frequently sought, today the engineer 
is faced with the necessity of seeking an outlet for his services. 
This change has required an entirely different approach by the 
engineer. To aid him an article was published in Mechanical 
Engineering for November, 1934, and will be reprinted in pam- 
phlet form available for distribution at cost. 


The splendid work of the American Engineering Council in 
Washington is related in full on another page. There is not space 
here to brief the comprehensive report of that body. At the 
present time, with limited facilities and funds and facing an 
opportunity in Washington for an eniarged sphere of influence 
for engineers, the American Engineering Council is functioning 
to the best of its eae as a ieee embassy for engi- 


THe AMERICAN ENGINEERING COUNCIL AS A WASHINGTON 
EMBASSY FOR ENGINEERS AND ENGINEERING 
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JUNIOR PARTICIPATION 


With the complete establishment of the new scheme of Student 
Branch operation from 1500 to 1700 new Junior members will 
come in each year. This group must be assimilated into Society 
activities and the task presents a challenge to the sections and 
officers of the Society. 

A stride forward was made at the 1933 Annual Meeting when 
an excellent report on proposed junior activities was presented 
by a Committee of Junior members and adopted. The Standing 
Committees have selected advisors from among the Juniors to 
serve one year. Steps are being taken to establish centers of 


Junior activity throughout the sections of the Society. _ 


ACTIVITIES IN 1933-34 


Under the leadership of the Committee on Policies and Budget 
a careful study of Society operation and finances was presented to 
the Council in June, 1933, and the reduced budget for 1933-1934 


rans- 
Oct 1, Oct. 1, ferred 
193 1933 to 
14,227 20,200 808 


7 a IN MEMBERSHIP—OCTOBER 1, 1933, TO SEPTEMBER 30, 1934 
-———Membership——. —— 
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The Professional Divisions staged five national gatherings and 
were successful in securing high-grade papers for the technical 
sessions at the Society meetings. During the year it was de- 
cided to charge a registration fee to non-members attending the 
Annual Meeting of the Society. 

Starting in January, 1934, Transactions was made a monthly 
periodical issued to every member registered in any professional 
division and combining all papers previously published in the 
individual sections sponsored by the divisions. The plan has 
received warm approval except from those in the Applied Me- 
chanics Division which suffered a severe handicap because of the 
reduction in the volume of material which can be published. 
This situation will be met by the publication of a Journal of 
Applied Mechanics issued to all members of the Society who wish 
to receive it. The first Membership List since 1931 is to be 
issued in December, 1934. 

For the past three years Council has carried on the lists of the 


Decreases Total Changes——— 


Trans- Dropped 
Rein- ferred Re- or Sus- In- De- Net 

Elected stated from signed pended Died creases creases Changes 
0 0 4 0 0 1 0 5 - 5 

0 0 0 0 0 2 3 2 + 1 
89 0 47 137 2019 118 212 2321 —2109 
4 0 4 35 184 5 6 228 — 222 
60 0 35 41 1510 12 133 1598 —1465 
0 0 85 69 R29 2 607 985 — 378 
597 1 633 58 1698 4 598 2393 —1795 
750 1 808 340 6240* 144 1559 7532 —5973 


* 5293 members dropped or suspended on September 30, 1934, in accordance with authorization of Executive Committee of Council at its meeting on 


April 21, 1934. 


was based upon it. This Committee is now engaged in a study 
of the basic purposes, fundamental organization, and leadership 
of the Society. Asa result of this study it is expected that during 
the next eighteen months, several items will be presented for dis- 
cussion by the membership. One of these is a revision of mem- 
bership grades. Others, it is expected, will have to do with 
the basic organization of the Society. The Committee is also 
giving continued consideration to long-range policies relating 
to increased service to the members and increased effectiveness of 
operation. 

In the program for the current fiscal year, adopted in June, 
1933, it was expected that steps would be taken to build up the 
morale of the Society, to win the enthusiastic support of its mem- 
bers, and to that end the aims, objectives, and ideals of the So- 
ciety would be defined and broad policies for achieving them 
enunciated. In accord with this, a new statement of purposes 
has been before Council for consideration. This statement ap- 
peared in the August issue of Mechanical Engineering and has 
been circulated to the sections for consideration previous to the 
Annual Meeting. It is expected also that a definite plan would 
be adopted by which regular visits of officers and members of 
Council to Local Sections and Student Branches would be per- 
mitted. Unfortunately funds were not available but despite 
that, individual members of Council made sacrifices and gave of 
their time to visit Sections and Student Branches to a limited 
extent during the current year. 

The new scheme of carrying on the Student Branches already 
established in four areas of the country was extended to the fifth 
area this year. In September, 1934, action had been initiated 
for completing the establishment of the new scheme throughout 
the entire country. 

Despite the reduction in appropriations, highly successful meet- 
ings of the Society were held in New York and Denver. The 
Sections held 400 meetings and the Student Branches about 513. 


Society many members in arrears for dues. To clear the lists and 
the books of account as well as to secure needed income, strenuous 
efforts were made to collect back dues, but unfortunately with 
the loss of many members. Liberal provisions for returning to 
good standing were provided for those members who were in 
financial difficulties. 

The technical work of the Society was carried on with splendid 
spirit in the face of reduced staff support. The outstanding 
event in this field was the holding of the Third International 
Steam Table Conference in the United States from September 17 
through 22 which was attended by steam-research experts from 
Great Britain, Germany, Austria, and the United States. At 
this conference tolerances for the values in the skeleton table set 
up at the London and Berlin conferences in 1929 and 1930 were 
narrowed and the revised table will form the basis for new steam 
tables. 

The Finance report indicates that the Society has operated 
within its income and has reduced its indebtedness materially. 


In ConcLuUSsION 


Upon the close of the fiscal year the Society was shocked by 
the death of its Secretary, Dr. Calvin W. Rice, who had served 
it brilliantly for twenty-eight years. It is fitting that the year 
just closed should be a successful year after two years of struggle 
with the problem of reducing expenses as rapidly as the income 
diminished. This year, therefore, marks a fitting ending for 
Dr. Rice’s years of service with the Society. This is not the place 
to appraise his contributions to the work of the Society but 
it does give opportunity to point out that the ideals Dr. Rice 
held for the Society as a great agency of service to the individual 
members should be carried on to an even greater extent in 
the future. 

C. E. Davies, 


Executive Secretary. 


RI-320 
: 
| 
* 
bs 4 
bs 
a 
~ 
> 
ie 
ime, Pr 
44 
| 
x of 
~ 


- total current debt was reduced $140,154.87, the bank loan by 


e 


_ Reports of Standing and Special Committees 
FINANCE 


The Finance Committee is gratified to report improvement in the 

- financial affairs of the Society for the fiscal year ended September 30, 
1934. Even though the operating income for the year was lower 
than it has been for many years, it exceeded the conservative estimate 
when the budget was adopted. Through the splendid cooperation of 
all spending agencies in continuing drastic economies, the operating 
expenses were kept well under the income for the first time in three 
years. The excess of income over expense was $25,351.37, which, 
with $15,354.60 income from initiation fees, was added to surplus. 


$106,500.00, by payments from current receipts, by proceeds from 
sale of securities sold at a net profit, and by proceeds from sale of 
certificates of indebtedness to members. The Committee on Thermal 
Properties of Steam discharged a large part of its obligation to the 
Society. The 1933 volume of the Engineering Index was published 
and sold at a profit. The Life Membership Fund was placed on 
an annuity basis. The deferred charge for the Fiftieth Anniversary 
was written off. A reserve was set up against prepaid subscriptions 
to Mechanical Engineering. Certain securities not readily market- 
able are listed on the balance sheet separately and not among current 
assets. These major financial accomplishments are discussed in 
greater detail in this report. 

The books and accounts of the Society for the fiscal year ended 
_ September 30, 1934, were audited by Messrs. Haskins and Sells, the 
firm of nationally known certified public accountants engaged by the 
Finance Committee last year. The income and expense statement, 
surplus statement, and balance sheet in this report were prepared 
from the auditors’ report. In accordance with the practise followed 
in recent reports of the Finance Committee, the statements for the 
past year are shown in comparison with similar statements for the 
_ preceding fiscal year ended September 30, 1933. 


INCOME AND EXPENSE 

The total income available for expenditure for the year was 
$380,287.93 as compared with $396,934.29 for the previous year. 
The income from dues, after providing for probable losses, was 
$198,731.15. Income from advertising, amounting to $90,352.00 
was 6.5 per cent higher than that for the previous year. There was 
very little change in the income from sale of publications. 

During the year the Society was the recipient of gifts amounting 
to $982.06 as follows: (1) a certificate of the Twin Cities Rapid Tran- 
sit Company, with a face value of $100.00 from President Doty; 
(2) $160.00 from John Knickerbacker, equal to the amount of dues 
he would have paid if he had not been exempt; (3) $500.00 and 
~ $100.00 from Palmer C. Ricketts and Dugald C. Jackson, respectively, 
who assigned to the Society certificates of indebtedness purchased by 
them; and (4) miscellaneous contributions amounting to $122.06. 

The income of $25,715.18 and the expense of $21,235.20 of the 
Engineering Index cover the operation of the card service for the 
first three (3) months of the fiscal year, and the publication and sale 
of the 1933 and previous annual volumes for the entire year in ac- 
cordance with the action of Council in June, 1933. 

In order to meet an assessment for the Library in excess of the 
original budget appropriation, the Executive Committee of Council 
authorized the transfer of $4200.00 from the Library Development 
Fund and Weeks Legacy Fund to operating income. Since the es- 
tablishment of both funds for library purposes in 1902 and 1904, re- 
spectively, neither the principal nor the interest of either fund has 
been used. On September 30, 1934, the accumulated interest of both 
funds amounted to $3687.66. This amount together with $512.34 
of the principal of the Library Development Fund was transferred 
to income. 

The total expenses of the Society for all purposes including com- 
mittee appropriations, cost of printing and distributing publications, 
cost of issuing the certificates of indebtedness, the expense of the En- 
gineering Index and interest charges, amounted to $354,936.56, de- 
tails of which are given in the accompanying statements. Compari- 
son of the expenses for 1933-34 with those for 1932-33 shows the ex- 
tent to which reductions in each item were made in order to maintain 
a balanced budget. 


ReEepvucTION oF DEBT 
The Society is no longer seriously in debt. At the beginning of the 
year on Octoher 1, 1933, the total current debt, i.e., notes and accounts 
payable excluding unfilled commitments, amounted to $215,117.05 
as follows: (1) Short term notes held by the bank $164,000; (2) 
short term notes held by the United Engineering Trustees, Inc., for 
deferred payment of rent and Library Assessments due in 1932-1933, 
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$16,353.27; (3) other unpaid bills for supplies and printing, $34,763.78. 
At the end of the year on September 30, 1934, the total current 
debt amounted to $74,962.18 as follows: (1) Short term notes held by 
the bank, $57,500.00; (2) short term notes held by Mack Printing 
Company for printing Mechanical Engineering and Transactions, 
$4671.63; (3) other unpaid bills for supplies and printing. $12,790.55. 
The short term notes held by the United Engineering Trustees, Inc. 
were paid off in October, 1933, from current receipts. The reduction 
of $106,500.00 in the bank loan was accomplished by the following 
payments: (1) $8897.36 from current receipts; (2) $61,287.42 from 
the sale of railroad and public-utility bonds which cost the Society 
$60,258.75 when purchased several years ago; and (3) $36,315.22 
from the sale of 10-year certificates of indebtedness. In addition 
to the bonds sold, other securities consisting of Lawyers Mortgage 
certificates with a face value of $48,750 were released as collateral 
by the bank and deposited with the Trustees of the certificates of 
indebtedness as collateral. 


Dues RECEIVABLE 


The dues-arrears policy, adopted by the Executive Committee of 
Council on April 21, 1934, authorized the write-off of the total amount 
of unpaid dues of those members owing, on September 30, 1934, the 
full amount of 1933-1934 and previous dues, or who had requested sus- 
pension of membership, or who had asked to be dropped, or who had 
not responded to the President’s letters sent in February, May, and 
August, 1934, requesting clarification of their membership status. 


MEMBERSHIP FUND 


The Finance Committee has realized for some time that the Life 
Membership Fund was greatly in excess of the amount required to 
provide the future payment of dues. The majority of the present 
life memberships were purchased many years ago before the 35-year 
exemption rule was adopted, at much higher rates than have since 
been required. For several years nothing was transferred from the 
fund to current-dues income and no adjustments were made upon the 
decease of life members. The result was that interest compounded 
annually at 4 per cent accumulated rapidly in recent years. Last 
year the auditors directed attention to the advisability of revising 
the fund. There were 67 life members living on September 30, 1934, 
28 of whom either had been members more than 35 years or had 
reached the age of 70 years after having been a member 30 years. 
A careful annuity calculation made by the Finance Committee and 
reviewed by the auditors indicated that $7115.98 was sufficient to 
provide the present worth of an annuity of $20 at 4 per cent interest 
per annum for each of the 67 life members, payable at the beginning 
of each year for the remainder of their required dues-paying period. 
By authority of the Executive Committee of Council, the fund of 
$58,202.91 on September 30, 1934, was, therefore, written down to 
$7115.98, and $24,399.66 of the reduction was used to write off the 
deferred charge for the Fiftieth Anniversary. 


ENGINEERING INDEX 


When the card service of the Engineering Index was discontinued 
as a Society activity on December 31, 1933, the Index employees were 
granted permission by the Executive Committee of Council to operate 
the service temporarily without erpense to the Society. This was done 
and on September 28, 1934, a lease agreement was entered into between 
the Society and the new corporation, Engineering Index, Inc., which 
provided that the Society would continue to own: (1) The registered 
title, which is carried as a property fund asset valued at $1.00; (2) 
the furniture and equipment used for producing the Index, which is 
included in the furniture and equipment investment of the Society; 
and (3) the inventory of annual volumes, which was written down 
to an amount believed to be conservative. 


Stream-TaBLe LOAN 


On October 1, 1933, the Committee on Thermal Properties of 
Steam owed the Society $15,000, a loan previously made for research 
in the properties of steam. The Committee received sufficient out- 
side contributions to enable it to pay the Society $11,000 thereby 
reducing the loan to $4000. 


Socrety-OwNep SECURITIES 


In order to be conservative in listing the Society-owned invest- 
ments on the balance sheet, only those securities having an active 
market on September 30, 1934, are included in current assets. These 
are listed at cost with the quoted market value of that date given. 
The remaining Society-owned securities consisting of real-estate 
mortgage bonds and certificates and the Trust Fund securities are 
likewise listed at cost, with the market value given and a footnote 
showing the rate of income on the investments during the year. 
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Since there is no active market for the real-estate mortgage bonds 
and certificates, the market values used are what are known as 
distressed values. The Finance Committee is informed from what 
it considers are reliable sources that in most cases the market value 
of these investments is expected ultimately to return to nearly the 
original purchase price. 


Surp ius STATEMENT 


A statement of increases and decreases in surplus is given in this 
report, as was done in the preceding report, to show the changes that 
have taken place during the year in this balancing figure of total 
assets and total liabilities. 


Respectfully submitted, 


Wo. T. Conton 
T. R. 


Krinesiey L. Martin, Chairman 
WaALrer RAvTENSTRAUCH, Vice-Chairman 
Wa. D. EnnIs 
WituraM L. Batr 
Haroutp V. Cogs 


EXHIBIT A 


COMPARATIVE STATEMENT OF 
EXPENSES 


For Two Fiscal Years Ended September 30, 1934 
1933-34 1932-33 


Council Representatives. 
INCOME AND 


4s. 


IncomE 
(carried to Surplus)—See 


Exhibit $ 15,354.60 $ 12,795.44 


$ 6,781.35 $ 5,667.10 


Student Dues 
a? Dues (Less Allowance for 
at September 30, 

woe $120,448.65, September 30, 1933, 
$115,000.00) 198,731.15 

Interest and Discount 13,883.15 

Mechanical Engineering Advertising 

Mechanical Catalog Advertising 


Publication Sales 
Engineering Index 
Miscellaneous Sales 
ontributions Unrestricted : 
Technical Committee Contributions 


212,289. 


$398,164. 
1,229. 
$396,934. 


Less: Provision for Bad Debts, after de- 
ducting Recoveries 


$375,059. 26 
Authorized Transfer from Trust Funds..... 4,200.00 
Net Profit on Securities Sold 


Torat IncomB 


ExpEnsEs AND CHARGES 
Committee Expense—See Schedule 1 -96 $ 75,770.24 
Publications Expense (Printi is - 
tribution Only)—See Schedule 2 .30 90,690.78 
Office Expense—See 3 .88 221,863.29 
Engineering Index Expe h .20 44,524.68 
Certificates of Expense. 1,047.64 


TotTat $346.931.98 $432,848.99 
Interest and Discount Charges 8,004.58 8,432.87 


$354,936.56 $441,281.86 


Exppnsms AND CHARGES.. 


Nezr Garin For THE YEAR (CARRIED TO SuR- 


Exuisit B $ 25,351.37 


Bauance, Sepremper 30, 1934 (representing excess of in- 


SCHEDULE 1. COMMITTEE EXPENSE 
(Direct Appropriation Only) 

1933-34 

$ 3,521.23 


1932-33 


Council 

Engineering Societies Library.. 
American Engineering Council. 
Sections Committee— Mileage. 
Sections Delegates—Mileage. 
Sections Operation......... 


Awa 

Nominating Committee 

Relations With Colleges—Mileage. . 
Research (Grants to Initiate Projects) . 
American Standards Association... 

Divisions Meetings 

Divisions Operation 

Society’ 8 Meetings 

Engineering Societies Employment Service... . 
Student Branches Operation 


3,816.42 
$ 50,893.96 


Erik Opera, 7’ reasurer 
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SCHEDULE 2. PUBLICATIONS EXPENSE 
(Printing and Distribution Only) 
1933-34 
$ 22,769.94 $ 
21,358.69 
9,616.57 


15,709.09 15,989.11 
16,171.01 15,644.92 


$ 85,625.30 $ 90,690.78 


1932-33 
24,110.06 
2,666.31 
22,863 .83 
9,416.55 


Mechanical Engineering Text Pages 
Transactions 


SCHEDULE 3. OFFICE EXPENSE » 


(Classified by Itema) 
1933-34 1932-33 
Postage .45 
Printed Matter ‘ 
Traveling 
Collections 
Telephone and Telegraph 
Insurance 
Office Supplies 
Secretary's Emergency Fund 
Rent 
Stationery 
Maintenance and Repair 
Cost of Miscellaneous Sales 
Depreciation of Furniture and Equipment.. 
Unclassified 


EXHIBIT B 


_ STATEMENT OF SURPLUS 


For Fiscal Year Ended September 30, 1934 


Batance, Ocroser 1, 1933, per Society ANNUAL REport.. 
Crep!ITs 


Reduction of Life Membership Fund Re- 
arve te required amount at September 


$205,303.71 


$51,086.93 
15,354.60 

Reduction in Capital Investment 1,300.00 
Net Profit for the year, per Exhibit A 25,351.37 93,092.90 


$298,396.61 


CHARGES 

Revaluation of Engineering Index Publica- 
tions on hand in connection with con- 
tract with Engineering Index, Inc 

Transfer to Engineering Index, Inc., of ac- 
counts receivable and prepaid sub- 
scriptions as of Dec. 31, 1933 

Write-off of remainder of expense of Fiftieth 
Anniversary 

Adjustment of Publications Inventory ap- 

plicable to — years 

Provision for Prepaid Subscriptions Re- 
serve— Mechanical Engineering 

Write-off of accounts receivable, other than 
dues, applicable to prior years 

Interest charges on Custodian Funds ap- 
plicable to prior year 


$18,943.88 


15,273.90 
24,399.66 
10,098.19 
4,000.00 
2,667.75 
416.64 


come—including initiation fees—over operating expenses 
and other charges, and subject to provision not having 
been made for decline of $177,603.89, exclusive of trust 
fund investments, as of September 30, 1934, in the market 
value of the Society's investments) 


$222,596.59 


ne 
i 

43,464.10 
41,213.35 

25,715.18 35,965.62 4 
x 1,486.59 1,553 . 53 
982.06 21845.00 
29 
$380,287.93 
~~ 

$ 3,851.44 

394.03 203 . 57 
110.47 471.56 ~ * 


Advance’ Receivable—Com- 
mittee on Thermal 
Properties of Steam. 
Notes and Accounts Receiv- 
able: 
Dues (less reserve for 
uncollected items). 
Publications and Adver- 
tising (less reserve 
for uncollected items) 
Miscellaneous........... 
Inventories: 
Publications for Sale. . 
Publications in Process. . 


Securities—At Cost; (Market 

Value $30,078.75) de- 
; posited as collateral 
to bank notes pay- 


ToTaL CuRRENT 


Reat Estate Morraace Bonps 
AND CERTIFICATES— 
At Cost (Market 

Value 
: Pledged as Collateral to 
Bank Note Payable 


Pledged as Collateral to 
Torat Reat Estate Mortaace Bonps 
AND $ 263,750. 
Case as Appitionat 
7 LATERAL TO CERTIFI- 
CATES OF 319. 


Trust Funp Assets 
Corporate Stocks and Real 
Estate Mortgage 
Certificates (Market 
7 Value $49,727.75)... 
Uninvested Cash............ 


Propgrty Funp I[NvestTMENTS 
One-fourth Interest in Real 
Estate and Other 
Assets of United 
Engineering 
Trustees, Inc., Ex- 
clusive of Trust 
Office Furniture and Fixtures 
(depreciated value). 
Library 
Title and Good Will of Engi- 
neering Index....... 


Tota, Property Funp INVESTMENTS... . 


Dererrep Caarces—Society Ac- 
tivities Applicable to 
Subsequent years... 


was é. 37 per cent. 


ASSETS 


ai 


$ 20,117.65 


4,000.00 
$10,990.88 
42,293.76 
1,534. 22 54,818.86 
33,347.40 
8,228.67 
4095.52 45,671.59 
= = 
40,925.14 
$ 165,533. 
: 


> 


$113,000.00 


$118, 


Tora, Trust Funp AsseTs............. $ 118,755. 


$496,948.48 
24,277.16 


1.00 
$521,227. 


681. 
$1,070,266. 


NOTATION 


The yield on trust fund investments for the year based on the 
book value thereof at the end of the year and on cash income as 
recorded was 4.28 per cent; on the same basis the yield on the 
Society’s investment in real estate mortgage bonds and certificates 


end @ 
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EXHIBIT C 


7 BALANCE SHEET, SEPTEMBER 30, 1934 


Currj|nt LIABILITIES 


LIABILITIES 


Notes Payable: 7 
Bank (See 
pledged, contra).. $57,500.00 
4,671.63 $ 62,171.63 
Accounts Payable.......... 12,790.55 
Unfilled Commitments...... 12,520.00 te), 
Custodian Funds........... 22,728.58 
Reserve for Prepaid Sub- 
scriptions.......... 4,000.00 
cates o nde - 
Torau CurRENT LIABILITIES............ $114,562.88 
Four Par Cent CerttFicaTEs OF pape 
January 1, to 
January 1, 944. 7 
Authorized $125 000 
$ 36,450.00 
Trust Funp Rassrves (balances as shown by books)......... 118,755.48 
REseERVE FOR RETIREMENT ALLOWANCBS........ 21,662.07 
DererRRED Crepit—Dves RECEIVED IN ADVANCE... 35,612.28 
Surp.us (representing excess of income—including initiation 
fees—over operating expenses and other charges, and 
subject to provision not having been made for decline 
of $177,603.89, exclusive of trust fund investments, as 
of September 30, 1934, in the market value of the So- 
ciety’s investments), PER Exurpit B................-. 59 


The American Society of Mechanical Engineers: 

We have examined your accounts for the year ended September 30, 
Under the terms of our engagement, the notes and accounts 
receivable at September 30, 1934, and collections during the year 
were not verified by confirmations obtained from the debtors, nor 


1934. 


ACCOUNTANTS’ CERTIFICATE 


were the quantities of the inventories verified by us. 


222,596. 


In accordance with the practise followed by the Society, there 
have not been included in its accounts nor in the accompanying 


statements any accruals of interest receivable or payable other than 
on outstanding certificates of indebtedness. 


procedure and internal accounting control. 


A separate communication has been addressed to the Society 
setting forth certain recommendations relating to its accounting 


In our opinion subject to the foregoing, the accompanying balance 


sheet and statements of income and expenses and surplus set forth, 


respectively, your financial condition at September 30, 1934, and 


the results of your operations for the year ended that date. 


New York, 
November 8, 1934 


[Signed] 


HASKINS AND SELLS 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


MEETINGS AND PROGRAM 


The finished product of the Committee on Meetings and Program 
is manifested in the success or failure of the meetings of the Society. 
From the time the meeting and the meeting place are decided upon 


until its conclusion, the function of the Committee is to guide the ~ 


building of the program, to set up the policies for conducting **, and 
to interpret the Society's ideals and maintain their concrete evidence 
to the membership, using the Society meetings as the medium. A 
meeting concluded is similar to a job finished and shipped. There- 
after it is subjected to a searching review in order that the experience 
gained in conducting it may be used with benefit in the meetings to 
come. 

A second function of the Committee is the interpretation of mem- 
bership reactions and their translation for the benefit of all Society 
activities as they may be promulgated through policy recommenda- 
tions authorized by Council. 

During the fiscal year, Oct. 1, 1933, to Sept. 30, 1934, two Society 
meetings were held, the Annual Meeting in New York, Dec. 4 to 8, 
and the Semi-Annual Meeting in Denver, June 25 to 28. The general 
programs of both these meetings were reported in the publications of 
the Society and are to be considered a part of this report. 

It is to be noted that the authors’ breakfasts at both meetings, and 
particularly at the Denver meeting, were very successful. This fea- 
ture should be emphasized rather than curtailed. Where the num- 
bers at such gatherings are relatively small and where, by reason of a 
smaller general attendance, as for example at the Semi-Annual Meet- 
ing, the local-section and professional-division representatives can be 
included, the resulting exchange of thought and general discussion 
has proved most helpful to the interests of the Society. It is always 
desirable to have the president or a vice-president attend such 
gatherings whenever practicable. 

It is becoming more and more evident that personal contact of 
Society members is really one of the chief incentives to attendance at 
meetings. All members desire to meet others, and during the past 
year this Committee has given particular attention to plans for pro- 
moting acquaintanceship at its meetings. 

In this year’s work the Committee has taken full cognizance of the 
difficult times which have affected this Society no less than they have 
other societies. The need for curtailing expense of meetings has been 
balanced against the need for continued improvement in the conduct 
and quality of technical sessions. It is to be hoped that the low 
point in the number of meetings planned has been reached and that 
finances will permit of a gradual expansion in this procedure in the not 
too distant future. Some slight criticism has been noted because of 
the elimination of regional meetings. 

The assigning of specific responsibilities to individual members of 
the Committee has resulted in a close coordination of the various 
steps upon which the conduct of major Society meetings depends. 
Its effect at the Denver meeting was particularly evident, where a 
strong local committee was guided in subdividing its duties among 
members who recognized their responsibilities and carried them out 
effectively. 

The staff representatives and presiding officers at the Denver 
meeting were most zealous in promoting attendance at the various 
sessions, even to the extent of some competition in seeking atten- 
dance. 

The policy of the Society with respect to subject matter and treat- 
ment of technical papers was examined during the year and as a 
result special important regulations were drafted and distributed to 
all professional divisions. The plan to eliminate the reprinting of 
abstracts of papers for circulation in advance of the Denver meeting 
was well received. Many of the Reclamation Bureau and other 
papers received in advance of the meeting were printed in Mechanical 
Engineering and Transactions, thereby eliminating the expense to the 
Committee of preprinting and abstracting for discussion. The policy 
of printing papers in advance of the meeting in Mechanical Engineer- 
ing and Transactions, is to be continued for the present. 

An interesting experiment has been tried by the Management 
Division during the last year in appointing a small committee at each 
technical session to act as an ‘“‘acquaintanceship committee’’ to see to 
it that members meet one another either before or after the meeting. 
This worked very well in the meetings of this division and the plan has 
been passed on to the Committee on Professional Divisions as a 
suggestion to be considered for more general use. 

Special effort was put forward to point the technical sessions to 
higher standards. Past-Chairman Parker is preparing a statement 
covering the essential features of how to conduct these sessions. This 
statement will be available in printed form before the 1935 Annual 
Meeting. 

Exhibits to be held in connection with meetings were discussed and 
a statement of policy will be prepared by the Committee for future 


use. The Committee has cooperated fully with the spirit and purpose 
of the Special Committee on Policies and Budget. The final allot- 
ment of funds to the Committee on Meetings and Program by Coun- 
cil amounting to $5500 for the fiscal year 1933-1934 was sustained. 
Two meetings of the Society are contemplated during the coming 
year. These are the Annual Meeting in New York and the 1935 
Semi-Annual Meeting in Cincinnati. Annual Meeting facilities have 
been discussed by the Committee and the House Committee of the 
United Engineering Trustees, Inc., with the result that many neces- 
sary improvements are now under way. These will assure added 
comfort and benefit to those attending the forthcoming Annual 
Meeting. It has been decided that a registration fee of one dollar be 
charged to all non-members who attend any of the technical sessions 
or excursions at the 1934 annual meeting. This seems to be a cus- 
tom in other societies, and while the dues of the Society naturally 
include all of these privileges for members, those who pay no dues 
might well be expected to assist in paying the expenses of meetings, 
when the latter are of sufficient attraction to warrant their atten- 
dance. 

In accepting this report, the Council is requested by the Com- 
mittee to consider that the Committee's endorsement has been given 
to the establishment of this registration fee. 

In conclusion, the Committee wishes to report that its analysis of 
Society affairs in relation to present-day conditions makes it clear 
that its next year’s activities will, among other things, be especially 
directed to the energetic promotion of a deeper interest in the whole 
Society among those of its members not fortunate enough to be able 
to attend the regular meetings of the Society. This year the Com- 
mittee initiated a recommendation that papers presented at the 
Annual and Semi-Annual Meetings first be utilized by local sections, 
or even that papers already so presented might be of interest to future 
local-section meetings, especially where an author may be locally 
associated. Many members of local sections are not present at either 
the Annual or Semi-Annual Meetings and hence have had no oppor- 
tunity either to hear or to discuss the papers presented on these 
occasions. It is of interest to record that there was a good deal of 
enthusiasm at the Denver meeting on the part of several of the Wes- 
tern and Mid-Western representatives when this proposal was an- 
nounced at the last breakfast meeting, attended by authors, local- 
section, and professional-division representatives. It is quite evident 
that the more remote a local section is from the place where a general 
meeting is held the more likelihood is there of wanting to know some- 
thing about the subject matter presented, whether it is available 
before or after presentation. 

There is no question about the fact that the members can absorb 
more quickly something of the spirit of the Society by attending its 
meetings; but it is equally evident that only a comparatively small 
percentage is able to attend stated meetings and, therefore, the meet- 
ings of local sections must be stimulated in every way possible. This 
is true more than ever during these trying times when funds are 
curtailed and when engineers are loyally giving their support to the 
work of improving the status of the profession. How our major 
professional and headquarters activities may best be coordinated with 
the local and regional meeting developments has been a subject 
constantly before the Committee in one form or another at practically 
all of its monthly meetings. 


Respectfully submitted, 


C. P. Buss, Chairman H. N. Davis 
R. I. Rees CLARKE FREEMAN 
E. C. HutcHinson R. F. Gaaa, Junior Representative. 


PUBLICATIONS 


Insufficient funds to publish all of the papers recommended to it 
has continued to hamper the services of the Committee on Publica- 
tions. Increased printing costs resulting from the NRA Graphic 
Arts Code has made further curtailments necessary. Economics 
have been carried to a point where members have complained of 
reduced service and annoying parsimony. Absence of marked re- 
covery in the durable-goods industries and lack of confidence have 
retarded increase in advertising revenue. Where in 1929 publications 
were entirely supported from this source, in 1934 a considerable por- 
tion of the members’ dues has had to be expended, thus reducing the 
extent of the other services the Society is able to offer. Until adver- 
tising revenue increases materially, publications will have to continue 
on a reduced basis unless a greater proportion of the income from dues 
is allocated for these purposes. 


TRANSACTIONS 
As a result of the combined recommendations of the Committee on 
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in the individual sections sponsored by the divisions. 


- Professional Divisions and the Committee on Publications, Council, 


at its December, 1933, meeting, authorized making Transactions a 
monthly periodical to be issued to every member registered in any 
professional division and combining all papers previously published 
The plan went 
into effect Jan. 1, 1934, and has proved generally acceptable. In 


_ making this change, Council acted on the principle that every member 


is entitled to receive free of charge and without making a special 
request for it a copy of every paper published in the Transactions. 

By enlisting the cooperation of the professional divisions to recom- 
mend for publication only the papers of greatest and most permanent 
value, the Committee has been able to clean up practically every 
paper awaiting publication. Beginning with the October, 1934, issue 
Transactions will publish papers in advance of the meeting at which 
they are to be presented. While this will increase the timeliness value 
of Transactions and provide members with an opportunity for ad- 
vance study of papers as a basis for discussion at the meeting, it must 
be remembered that the former practise permitted the correction of 
papers before final printing, and that the present practise means that 
discussion will no longer appear in the issue, and in some cases the 
volume, that contains the original paper. 

With the mailing of bills for 1934-1935 an opportunity was given 
members to elect to receive a bound volume of 1935 Transactions, at 
a cost of approximately $2.25, for the usual monthly issues. Replies 
indicate that quite a number of members will avail themselves of this 
alternative. 

The Committee has viewed with concern the increasing number of 
changes in text and illustrations made by authors after their manu- 
scripts have been set in type. It has also noted an increase in the 
length of the average paper from approximately 10 pages, in 1927- 
1928, to 14 in 1934. Both of these tendencies increase costs and 
result in the publication of fewer papers. The cooperation of authors 
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DEVELOPMENT OF TRANSACTIONS, 1926-1933 


and program-making committees is directed to the seriousness of 
these problems. 

The effects of depression years on Transactions can be seen in the 
accompanying chart. 


MECHANICS 


In last year’s report considerable space was devoted to the growth 
of the Applied Mechanics Division, to the number and quality of the 
papers presented by this division, and to the suggestion that a journal 
of applied mechanics, strenuously advocated by the division, be 
sympathetically studied by the Society. With the combination of all 
sections of Transactions into a monthly periodical, the publication of 
the Applied Mechanics Division, registered with the Post Office as 
‘Applied Mechanics” and issued quarterly to members of the division 
and a list of non-member subscribers, lost its identity. Naturally, 
the Applied Mechanics Division was keenly disappointed at this set- 
back to its cherished plan of development. Much study has been 
given to the problem by the Committee on Publications, and the 
Committee on Professional Divisions presented a solution to Council 
in September, 1934. 


RECORD AND INDEX 


As a result of action taken by the Executive Committee of the 
Council, a Journal of Applied Mechanics is to be published under the 
auspices of the Applied Mechanics Division and the Committee on 
Publications. The object of the journal is to provide an ade- 
quate outlet and place of record of research in the field of applied 
mechanics. As it is to be developed, it will contain papers presented 
before the Applied Mechanics Division at A.S.M.E. meetings, other 
papers of like character, reviews of books and foreign articles of 
importance, notes of interest, and like material. The normal 
A.S.M.E. financial support for the publication of the papers pre- 
sented by the Applied Mechanics Division is expected to be amplified 
in part by outside contributions. The Journal of Applied Mechanics 
is to be distributed to members of the Society desiring it without 
charge and to subscribers. The format of the Journal will be identi- 
cal with the A.S.M.E. Transactions. The policies of the Journal 
will be in charge of an editorial board appointed by the Applied 
Mechanics Division Executive Committee subject to the approval 
of the Committee on Publications and the Council. 


RECORD AND INDEX 


During the year Council approved the Committee’s recommenda- 
tion to issue the Record and Index as a series of supplements to the 
Transactions. Asa result of this action, the plan was put into effect 
with the August issue with which there appeared the first section of 
the Record and Index including the biography of the president, the 
section devoted to the list of Society committees, and the memorial 
notices of deceased members. From the ‘‘Foreword’’ of this issue 
the following comment is quoted: 

‘Timeliness in the publication of papers is one of the advantages that 
the Committee on Publications has attempted to secure by issuing the 
Transactions monthly. In order to secure this same advantage in the 
Record and Index, the Committee has decided to issue the various 
sections that comprise this publication as soon as the information 
contained in them is available instead of waiting until all of it is 
ready. For example, information on committee personnel is avail- 
able shortly after the new president takes office and is needed by 
members and executive committees of Local Sections wishing to 
communicate with these bodies; hence this section of the Record and 
Index may be issued early in the year. The annual reports of the 
Society’s committees are available immediately after the end of the 
fiscal year, September 30, and can be distributed so they may be read 
and discussed by local groups before the Annual Meeting in Decem- 
ber. On the other hand, the Indexes cannot be prepared until 
December and the Presidential Address is not available until that 
time. As previously issued, in a single volume, all sections of the 
Record and Index had to await the preparation of the Indexes, with 
the result that while a record of the year’s activities was preserved, 
none of the sections was issued at a time when it could be of timely 
use and value and hence it has had historical interest only. 

“In putting its new plan into effect, the Committee is issuing in the 
present section all of the Record and Index material available at this 
time. This includes the biography of the president, the list of 
officers and committee members, general information about the 
Society, and the memorial notices of deceased members. 

“In the fall the reports of the Council and of Society Committees 
will be mailed with an issue of the Transactions; and the Indexes and 
the Presidential Address will appear as a supplement at the end of the 
year. 

“In binding the 1934 Transactions, all of these sections of the Record 
and Index will be gathered together at the back of the volume as has 
been the custom for several years. 

“The Committee on Publications, after a careful study, has become 
convinced that the Record and Index, issued serially as the material 
of which it is composed becomes available, will prove to be much more 
useful to members than it has been in the past when issued in a single 
volume several months after the work of the year of which it was a 
record had closed.” 


MeMBERSHIP LIST 


The Membership List has not been issued since 1931 for reasons of 
economy and because of the rapid changes in membership and ad- 
dresses taking place. Council has decided, however, that a member- 
ship list as of Oct. 1, 1934, shall be issued as soon as possible after that 
date. Work on the new list has been under way for more than a 
month. A change.in size and style was decided upon after a careful 
canvass of opinion, and because considerable saving in cost, particu- 
larly of distribution, can be effected. The 1935 Membership List 
will be uniform in size with the Transactions and will be distributed 
as a supplement to the December, 1934, Transactions. It will con- 
tain the usual alphabetical and geographical lists, but the lists of 
committees cannot be included as the personnel of most committees 
changes with the new administration. As appointments for 1935 
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will not be known in time to be included, these lists will be issued as a 
section of the Record and Index as soon as possible after the beginning 
of the calendar year. The 1935 Membership List, according to the 
rules of the Council, will contain the names of all members in good 
standing on Oct. 1, 1934, which means all members whose 1932-1933 
dues have been paid in full and who have made some payment on their 
1933-1934 dues. 


‘*MECHANICAL ENGINEERING” 


Efforts were made during the year to obtain expressions of opinion 
from members regarding Mechanical Engineering. A majority of 
opinions were favorable to the present editorial policy and this is 
therefore being continued. A division of opinion existed with respect 
to articles on economic subjects. Some members expressed the belief 
that such articles were out of place in an engineering magazine, while 
others enthusiastically supported the policy of discussing economic 
questions. 

For eight months of the year a special four-page insert is published 
for the members of the Student Branches under the name Student 
Branch Bulletin. The Bulletin is supplementary to the work of the 
Committee on Relations With Colleges in inaugurating and maintain- 
ing the revised plan of student branch membership in the engineering 
colleges. It was instituted by order of Council on the recommenda- 
tion of Committee on Relations With Colleges and the expense, 
aside from the editorial expense, is met by that committee. 


MECHANICAL CATALOG 


The Mechanical Catalog is still handicapped by the general lack of 
activity in the durable-goods industries that has restricted income 
from this source for several years. Nevertheless the issue for this 
year shows a slight gain in the number of firms using it and returns a 
satisfactory net amount to the Society. 


ENGINEERING INDEX 


In accordance with a vote of the Council of the A.S.M.E. at its 
meeting in Chicago, Ill., in June, 1933, the Society withdrew its 
financial support to the Engineering Index on Jan. 1, 1934. A report 
of the leasing by Council of the name, Engineering Index, to a new 
corporation, Engineering Index, Inc., will be found on page 573 of the 
September, 1934, issue of Mechanical Engineering. 


CoMMITTEE PERSONNEL 


Because of his duties with the NRA Construction Code, Stephen F. 
Voorhees, who, by reason of seniority would have been chairman of 
the Committee in 1933-1934, asked to have his chairmanship post- 
poned. Dean George F. Bateman was appointed alternate for Mr. 
Voorhees and L. C. Morrow was reappointed to the Committee to act 
as chairman for 1933-1934. In common with the practise being 
adopted by other Society committees, the Committee on Publica- 
tions decided to ask a junior member to sit with it in an advisory 
capacity. Oscar B. Schier, 2nd, was appointed to this position. 


BroGraPHy ADVISORY COMMITTEE 


The Biography Advisory Committee held several meetings during 
the year and discussed possible subjects for biographies. Aided by 
funds provided by a group of the friends of the late H. L. Gantt, L. P. 
Alford, under the sponsorship of the Committee, completed a manu- 
script of a biography of Gantt. The biography will be published by 


Harper & Brothers in the near future as another of the series of bi- 


ographies of eminent engineers sponsored by the Society. — o 


In a communication to the Council dated July 2, the Committee 
called attention to the inadequacy of the proposed allotment of 
$18,000 for publishing Transactions in 1934-1935. It was pointed 
out that “this represents a much greater reduction in volume than is 
apparent in comparing it with the $21,000 which is being spent dur- 
ing the current fiscal year. During 1934 it is expected that about 
74 papers will appear in Transactions as compared with 141 in 1932 
and 108 in 1933. During 1935, this number will be reduced to 64 

apers.”’ 
The Committee feels that it should call attention to what it has 
failed to accomplish in the way of publication in order to emphasize 
the inadequacy of its funds. For example, the Hydraulic Division 
‘was compelled to publish and sell a very fine collection of papers on 
water hammer presented at the Chicago, 1933, meeting because no 
publication funds were available. Hence, these papers will not ap- 
pear in Transactions and, therefore, will not be available there for 
future reference in engineering literature. At the 1933 Annual 
Meeting this same division presented a symposium on water measure- 
ment. These papers still await publication because of lack of funds. 


INADEQUACY OF PUBLICATION FuNpDs 


Publication Sales 


The Oil and Gas Power Division held its meeting in cooperation with 
the Pennsylvania State College, and this institution will publish the 
papers. The papers read at the Tulsa meeting, May, 1934, of the 
Petroleum Division were published by the trade press. Moreover, 
the very excellent set of papers presented at the Aeronautics-Hy- 
draulics Meeting at Berkeley, Calif., June 19 to 21, 1934, were printed 
locally and sold at $1.50 per copy and hence failed = become a part 
of the Society’s Transactions. Obviously, the A.S.M.E. cannot 
expect to continue to rely upon the generosity of individuals and other 
publishers to carry the burden of publications expense and still retain 
its position and prestige as a professional society and justify its con- 
stitutional objective ‘‘to promote the art and science of Mechanical 
Engineering.’’ A condition which results in the writing of engineer- 
ing papers and the thoughtful work of technical and research com- 
mittees on the one hand, and denies publication of these papers and 
the results of committee activities on the other is wasteful and in- 
consistent, while the scattering of some of the best efforts of engineer 
writers in occasional pamphlets and innumerable trade magazines is 
an evasion of the present generation’s obligation to make the knowl- 
edge it develops available to future generations. The Committee 
feels that the realities of the situation should be studied and Society 
activities coordinated in such a way that the best that the present 
generation produces is placed on record. This will require additional 
funds for publication purposes, or it will require a redistribution of 
available funds to eliminate wasted effort. 


STATEMENT OF INCOME AND EXPENSE 


The income and expense statement of publications as prepared 
by the Finance Committee follows. The amounts have to do with 
printing and distribution only. 


INCOME 
1933-1934 
$ 49,195.: 


1932-1933 
$ 43,464.10 
41,213.35 
178 00 
40,441.16 


$125,296.61 
1,229.83 


$124,066.78 


Mechanical Engineering Advertising 
ASME. Me Catalog Advertising............ 


$129,874. 
Less: Bad Debts 3,911. 


$125,863. 


& 


PuBLICATIONS EXPENSE 


(Printing and Distribution) 
Engineering Text Pages......... 
Transactions 
Mechanical Engineering Advertising Pages. . 
Mechanica! Catal 
Publications for Sale.......... 


$ 24,110.06 
2,666.31 
22,863 . 83 
9,416 55 
15,989.11 
15,644.92 


$90,690.78 


16,171. 
$85,625.30 
BupGet For 1934-1935 


The expenditures for printing and distribution of the publications 
of the Society for the past year and for the previous year, and the 
budget for next year are shown in the following table: 


Pusuications Income 
1934-1935 
$ 48,500.00 
40,000.00 
37,750.00 


$126,250.00 
1,000.00 


$125,250.00 


Mechanical Engineering Advertising 
Mechanica! Catalog Advertising 


Pusiications Expense 
(Printing and Distribution) 


Mechanical Engineering Text Pages 

Transactions 

Membership List 

Mechanical Engineering Advertising 


pe. 
W. F. Ryan 


M. H. RosBerts 
G. F. BATEMAN 


Respectfully submitted, 


L. C. Morrow, Chairman 

S. F. VoorHEEs 

S. W. > 
ij 


E. B. Norris > Advisory ae 
E. L. 
O. B. Scutger, 2p, Junior Member. 
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50 
69 
57 
21,500.00 
5,600.00 
15.500. 00 
14,150.00 
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LOCAL SECTIONS 


For the third consecutive year ending Sept. 30, 1934, it was neces- 
sary for local sections to economize in every way possible so that 
many worthwhile activities had to be temporarily discontinued. 
Practically all of the sections, however, carried on with enthusiasm by 
focusing their efforts toward effective activities of special service to 
their membership as a whole. Many of the sections made special 
efforts to assist their members with relief and employment which was 
a most effective and worthwhile service. To this end, the local 
sections and individuals who constituted the executive and other 
operating committees of the sections deserve full credit for their loyal 
support, cooperation, and untiring efforts in maintaining the high 
standard of section performance established in the past when they 
had much more financial assistance. 


MEETINGS AND MEMBERSHIP 


During the year, practically every section of the Society reported 
the holding of one or more meetings. 

The total number of meetings reported was 400 as compared with 
394 held during the previous year. 

Because of the times, special effort was made this year by the 
various section membership committees in cooperation with the 
Council of the Society to maintain the strength of our present mem- 
bership. Special action of the Council made it possible for many 
who were unable to pay dues to maintain their membership. The 
special committee appointed by the President to cooperate with the 
local sections in dealing with delinquent members did a very com- 
mendable piece of work. 


MEASURE OF SECTIONS’ OPERATION 


This plan is being tried out in an effort to set up a minimum re- 
quirement to be met in order for a section to continue on the active 
list. The results shown in Table 1 should not be given too much 
weight this year, since it is the first time it has been tried and the 
Committee, while setting up all sections on a common basis, allowed 
each section executive committee to rate its section without question 
by the Committee. This latter, naturally, would result in some 
sections being over-rated while others would be under-rated. Any 
section scoring less than 60 per cent for any two consecutive years is 
not doing a good job and steps will be taken to remedy the situation, 
either by suspension or by some scheme of activity which will be 
developed to revitalize it. It is the opinion of the Committee that 
this yearly inventory of each section's activities and its comparison 
with other sections will do much to improve the operation of each. 

A great deal of credit is due James Todd, Chairman of the Local 
Sections Committee for the fiscal year of 1932-1933, for evolving and 
starting the operation of this scoring plan. oe 


TABLE 1 
Service Service 
to to the 
Section Membership Society Total 


3 
@ 


Chicago 3 


765 


Loca. Sections DeLeGaTges’ CONFERENCE 

Again, due to the lack of funds, a new plan was inaugurated this 
year in which a Local Sections Delegates’ Conference was held in each 
of the seven geographical groups. Each section within a group was 
entitled to an official delegate to the group conference. There was a 
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member of the Local Sections Committee and whenever possible a 
member of the Council in attendance at each of these conferences. 
In addition to the regular routine business, each group conference 
elected a member and alternate for the Nominating Committee and a 
delegate to represent his group at the Annual Delegates’ Conference 
held in New York City during the Annual Meeting. This plan re- 
placed the usual one in which a delegate from each section attended 
the Annual Delegates’ Conference. The new plan was enthusiasti- 
cally received and from several viewpoints it was felt that it was an 
improvement over the old plan. It permitted many delegates to 
attend the local conferences that could not attend the New York 
conference because of the time and expense involved; it permitted a 
freer discussion of local group problems, since problems irrelevant to 
that particular group did not have to be discussed; it permitted 
better discussion and action at the New York conference on group 
resolutions, since this conference was not so large and cumbersome; 
and finally, it effected a saving of approximately $3000 of the So- 
ciety’s funds. 


Locat Sections VISITED BY COMMITTEE 


Because it was impossible for the Local Sections Committee to hold 
more than one field meeting of this Committee during the year, the 
Committee visits to the sections had to be substantially reduced. 
It has been general practise for the members of this Committee to 
visit the various sections en route to and from the field meetings of the 
Committee. However, as many visits as possible were made as 
shown in Table 2. This Committee strongly feels that no other 
activity of the Society will do more to assist the sections to operate 
successfully and to hold the interest of the membership than peri- 
odical visits, not only by the members of the Local Sections Com- 
mittee, but by members of the Council and other outstanding mem- 
bers of the Society. 

Each Local Section in Group VII was visited by a member of this 
Committee during the current year. This was possible because the 
sections are so located that a one-trip visit was practical. Lyle 
Dudley has done a splendid piece of work during the last’ four years, 
in visiting the Sections in Group VII. 


Mip-WeEstT AND Mip-ContTINENT OFFICES 


Activities in these offices continued as in the past few years, the 
Mid-West office being particularly active in the matter of securing 
employment for our members on Federal work, it having been ap- 
pointed as official registration headquarters for engineers on CWA 
work. It was also headquarters for the regional delegates conference 
of Middle Western Student Branches held in Chicago. The Mid- 
Continent office has been especially active in the organization. 
investigation, and reporting on problems and development in the oil 
industry. Student activities and unemployment relief has placed 
this office in equally as important a position in its territory, as the 
Mid-West office occupies in the Chicago area. 


CoopERATION W1TH STuDENT BRANCHES 
_ More than ever before have the local sections assisted in encourag- 
ing the student work of the Society. Practically every section that 
_ has a student branch included in its territory, has established either a 
_ student prize or has devoted at least one meeting a year to the student 
members. The four district Student Branch Conferences in those 


auspices of the sections in these groups. 


--- where the new student policy is in force, were held under the 


EMPLOYMENT SERVICE AND UNEMPLOYMENT RELIEF 


During the past year, much effort has been expended by the sec- 
tions in the matter of unemployment relief. Special committees, in 
cooperation with the local sections of other national societies, have 
been formed and in many instances financial relief was given, while in 
others, relief was in the form of ‘“‘made work.”” Many of these com- 


_ mittees were appointed as registration and placement agencies for the 


CWA, FERA, and other local Government projects. In addition, 
many sections solicited local funds. Particularly noteworthy work 
along these lines was accomplished in Boston, Chicago, New York, 
Philadelphia, and Los Angeles. 

In addition, considerable cooperation was given by the local sections 
to the three offices of the Engineering Societies Employment Service. 


_ This service placed in engineering positions 2190 engineers in the past 


year. 


Tours AND TRANSPORTATION 


The Committee on Local Sections arranged for reduced fares to the 
Annual, Semi-Annual, and other national meetings of the Society 
during the year, thereby saving the membership considerabie money. 
In connection with the Semi-Annual Meeting at Denver, a special 
tour was arranged through the Rocky Mountain National Park, 
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TABLE 2 LOCAL SECTIONS VISITED BY MEMBERS OF THE COMMITTEE ON LOCAL SECTIONS, 


J. W. Haney, 
Chairman 


Section W. L. DupLey 


Atlanta 


Cincinnati. . . 
Charlotte 
Cleveland 
Chattanooga 


Greenville 
Indianapolis. 
Inland Empire 
Kansas 

Los Angeles 
Metropolitan 
Mid-Continent 
Milwaukee 
Minneapolis 


July 1934 
July 1934 


Sept. 1934 
Sept. 1934 


Philadelphia 
Pittsburgh 
Raleigh 
Rock River Valley 
San Francisco 
Tri-Cities 
Utah 
Virginia 
Washington, D. C 
Western Washington 
West Virginia 
Youngstown 


Annual Meeting. | 
Semi-Annual Meeting. 


returning via Chicago and the ‘‘Century of Progress.’’ The Com- 
mittee was able to obtain the lowest railroad fare ever offered from 
the eastern point, via St. Louis and returning via Chicago. 


ForEIGN RELATIONS 


This activity of Society work has been handled for many years 
under the supervision of the local sections. Contrary to general 
expectations, many visitors from abroad were received and assisted. 
The sections of the Society, as always, cooperated by giving consider- 
able time, local information, etc., to these foreign guests. 

A number of letters of introduction to foreign engineering and 
technical societies, industrial plants, and outstanding individuals, 
were given to our members who made trips to foreign countries. 


CoopERATION WITH OTHER COMMITTEES 


This Committee, directly or indirectly through the sections, has 
endeavored to cooperate in every way possible with the Professional 
Divisions, Meetings and Program, and Relations With Colleges 
Committees in unifying and strengthening the combined efforts of 
these four groups. The committee is vitally interested in the notable 
work that is being done by the Policies and Budget Committee and 
has assisted in every way possible. It is hoped that this Committee 
will eventually evolve a satisfactory plan for adequately financing the 
local sections. 


New SEctTion DEVELOPMENTS 


The last section to be organized was in the year of 1930-1931. 
There are a few localities where new sections might well be organized 
but, due to the lack of funds, no effort has been made toward their 
formation. 

During the year, the Minneapolis and St. Paul Sections consoli- 
dated and will hereafter be known as the Minnesota Section. This 
was a splendid move on the part of these two groups and is worthy of 
consideration by other sections so situated. 


R. E. W. 
W. R. 


Respectfully submitted, 
Jites W. Haney, Chairman 


Wituram Lyte DuDLEY 
W. Macon 


PROFESSIONAL DIVISIONS 


The extent of the professional divisions’ activities during 1933- 1934 
has been curtailed to about the same basis as prevailed during the 
year 1932-1933. Within these limitations, however, the programs of 
the divisions have been carried out with a highly satisfactory degree 
of success. During the year six national division meetings have been 
held and the divisions have cooperated in the development of excellent 
programs for the annual and semi-annual meetings of the Society. 


W. 


1933-1934 


E. Hartrorp, 
Secretary 


Mar. and Apr. 1934 


R. E. W. W. B. 

Macon HARRISON Woo.ricH 
May 1934 

Oct. 1933 

Mar. 1934 

May 1934 

Mar. 1934 


Nov. 1933 
Mar. 1934 
July 1934 


June 1934 
July 1934 


May 1934 
Mar. 1934 


(Resident) 
May 1934 
May 1934 


Apr. 1934 
Apr. 1934 
Mar. 1934 
May 1934 


Oct. 1933 
Oct. 1933 


Oct. 1933 
Apr. 1934 


The principal contributions of the professional divisions to the 
Society lie in the programs which are presented either at national 
meetings, organized by the individual divisions, or at the sessions of 
the general meetings of the Society. The value of this work to the 
Society depends largely on the publication of the papers and reports 
presented at these meetings and, therefore, depends to a considerable 
extent upon the financial support which the Society is able to give to 
the publication of Transactions. The divisions have continued to 
exercise a commendable degree of initiative and ingenuity in finding 
ways for supplementing the curtailed publication budget of the 
Society in order that the effectiveness of their contribution may suffer 
as little as possible during the present conditions of stress. While 
these activities in themselves are commendable as emergency mea- 
sures it is urged that the necessity of resorting to them be eliminated 
at the earliest possible moment. This important service to its mem- 
bers is one that the Society normally should render independently of 


outside help. ig 
Division MEETINGS = 


A joint Aeronautic and Hydraulic meeting was held at the ia 
versity of California, June 19-21, 1934, under the auspices of these 
divisions, of the San Francisco Section, and of the University of 
California. The papers presented at this meeting were published in 
pamphlet form by the Section and were sold to members at $1.50 per 
copy. The papers of the Petroleum meeting held at Tulsa, Okla., 
May 14-17, 1934, were preprinted mainly in the Oil and Gas Journal. 
A special reprint was made of this preprint and sent out to all mem- 
bers of the division who were in good standing. 

The National Oil and Gas Power Division held a meeting at Penn- 
sylvania State College, June 20-23, 1934. The papers for this meet- 
ing were published in a bulletin of the College, except the report on 
Cost Data on Diesel Power. This committee report will presumably 
be printed in the Transactions of the Society as were the previous 
reports on the same subject. 

The Printing Industries meeting was held at Philadelphia, Pa., 
October 8-9, 1934. The papers were preprinted without charge to 
the Society by the Curtis Publishing Company and later will be 
printed in pamphlet form and sent to members of the division in good 
standing. 

A national meeting was held by the Wood Industries Division, 
October 23-24, 1934, in Camden, N. J. Several of the papers pre- 
sented at this meeting were published in Mechanical Engineering; 
others were photo-offset and sent to members of the division in good 
standing. 

The suggestion of the Policies and Budget Committee that coopera- 
tion be closer between the local sections and professional divisions of 
the Society has been further developed during the past year. Sugges- 
tions from the various divisions of speakers and topics of more than 
local interest which may be made available to local sections meetings 
have been offered for consideration. The possibility of the presenta- 
tion before certain local sections of general-meeting papers, both be 
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_ Applied Mechanics Division at the 1934 Annual Meeting. 
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fore and after the general meetings, is under consideration by both 
the local sections and professional divisions, and promises to be mutu- 
ally helpful to both groups. 

New Division 

After several years of activity, the Council authorized the advance- 
ment to full-division status of the group interested in the Process 
Industries, and hitherto functioning as a committee. The process- 
industries activities were initiated by the Buffalo Section and have 
shown real vitality throughout the last four or five years. The new 
division has a number of actively functioning subcommittees which 
promise to contribute valuable material to the Society. One of these, 
the Committee on Heat Transfer, held several sessions at the 1933 
Annual Meeting and is sponsoring two sessions at the 1934 Annual 
Meeting. This subcommittee is securing the active cooperation of 
other societies interested in processes involving heat transfer. 

SuMMARY OF Division ACTIVITIES 

The Aeronautic Division, during the present year, held its national 
meeting in Berkeley, California, under the auspices of the San Fran- 
cisco Section and the University of California. The meeting was held 
June 19 to 21, 1934, and was coordinated with the meetings of the 
Engineering Section of the American Association for the Advance- 
ment of Science and with the national meeting of the Hydraulic 
Division. The Institute of Aeronautical Sciences also cooperated. 
Papers of the meeting were prepared by the San Francisco Section in a 
photo-offset pamphlet, which was sold to those attending and others 
for $1.50 for the group papers. The meeting was very successful 
with a total of twenty-one aeronautic papers presented. The Daniel 
Guggenheim Aeronautic Medal was presented to W. E. Boeing at the 
Joint Dinner on June 20. 

Other activities during the year consisted in assisting several 
sections in the holding of aeronautic meetings; in holding a session at 
the Annual Meeting; in organizing an industrial aerodynamic com- 
mittee to coordinate and stimulate research and to present tech- 


nical papers on industrial aerodynamics. 


The division is actively assisting the A.S.M.E. Committee on Air- 
craft Safety and Inspection and the Aviation Committee of the 
American Engineering Council. It is having a joint session with the 
For 1935 
the Aeronautic Division is planning to hold its national meeting at 
St. Louis some time in September. 

The Applied Mechanics Division did not hold a national meeting 
this year, but instead aided the American Committee for the Fourth 
International Applied Mechanics Congress, held at Cambridge, 
England, July 3 to 9, 1934. The Division secured over twenty papers 
for the International Congress and arranged for their presentation. 


_ It also extended to the Congress the invitation of the Society to hold 


its 1938 International Congress in the United States. This invitation 


- was accepted and the American representatives on the international 


committee will be the nucleus of a committee of arrangements for the 
1938 Congress. 

The American members of the International Committee are Dr. 
Ames, Dr. Theo. von Kirmin, Dr. S. Timoshenko, and Dr. Jerome 
Hunsaker. Harvard University and Massachusetts Institute of 
Technology will act as hosts to the 1938 Congress and it is anticipated 
that some of the events will be held in New York City. 

The division is sponsoring or participating in five technical sessions 
of the 1934 Annual Meeting. It has six special subcommittees, 
elasticity, strength of materials, plasticity, dynamics, mechanics of 
liquids and gases, and thermodynamics. 

The Fuels Division during the past year contributed papers to the 
Semi-Annual Meeting at Denver, to meetings of the Metropolitan 
Section, and to two sessions at the 1934 Annual Meeting. 

During the year the committee formed a special subcommittee on 
fly ash and cinders. This committee is now making a survey to 
secure data that may have been accumulated by industry on the 
subject. The Pure Air Committee has continued its activities. The 
Committee has been urging the codifying of practise for measurement 
of solids in gas streams which has now resulted in the appointment of 
a code committee for that purpose under the Power Test Code Com- 
a The committee has also prepared a draft of a model smoke 
aw. 

The Fuels Division is cooperating with the A.I.M.E. in the forma- 


- tion of a Joint Committee on Coal Classification. 


The Hydraulic Division held its Annual Meeting at Berkeley, 
California, June 19 to 21, 1934, at which time 17 papers on hydraulic 
subjects were presented. The meeting was conducted jointly with 
the Aeronautic Division and Section M (Engineering) of The Associa- 
tion for the Advancement of Science. Several other technical societies 
also cooperated. The San Francisco Section published the papers in 
advance of the meeting and complete bound copies are available to 
members at $1.50. 
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The cooperation initiated in 1933 between the A.S.M.E. Hydraulic 
Division and the Am.Soc.C.E. Power Division has been continued 
throughout the year. The Hydraulic Sessions at the Annual Meeting 
in December, 1934, are being omitted since the A.S.M.E. Hydraulic 
Division is assisting in the arrangements for the meeting of the 
Am.Soc.C.E. Power Division on January 17, 1935, during the 
Annual meeting of the Am.Soc.C.E. 

The division is continuing the activities of the Water Hammer 
Committee and is cooperating with other Engineering societies in the 
United States and in Europe in coordinating new researches and in 
facilitating the exchange of technical literature. During the year the 
discussion of the papers in the Water Hammer Symposium was 
published and a second edition of the original papers complete with 
discussion was entirely sold out, necessitating a third edition. 

At the 1933 Annual Meeting the Division held a very fine sym- 
posium on water measurement, and the papers and discussions are 
now being coordinated for publication. The plans for the coming 
year have not been completed but the Annual Meeting in December, 
1935, will include an important program of hydraulic papers. 

The Iron and Steel Division is holding two sessions at the 1934 
Annual Meeting. At one of the sessions a symposium on iron and 
steel mill lubrication will be presented in cooperation with the lubrica- 
tion engineering committee of the Petroleum Division. There will 
also be presented at one of the sessions a report of the wire rope 
research committee of the Society. Other activities of the division 
this year included a joint meeting with the Pittsburgh Section of the 
Engineers’ Society of Western Pennsylvania in April; and the plan- 
ning, in cooperation with the Metropolitan Section, of two lectures to 
be given in October jointly with the American Society of Metals at 
the National Metal Congress held in New York City. 

The Machine Shop Practice Division will hold four sessions at the 
1934 Annual Meeting, two of these sessions being sponsored by the 
research committee on cutting metals. The other two sessions cover 
subjects of important technical and commercial interest to all mem- 
bers interested in problems of machine design. At the 1933 Annual 
Meeting, a symposium of great interest was presented on the eco- 
nomic and technical merits of milling vs. planing as machine-shop 
processes. This symposium produced prolific discussion, and its 
sponsors have evidence that it was of material value to the industry. 
During the past year, the subcommittees on welding and foundry 
practise have been active, and at the coming Annual Meeting will 
combine in presenting a symposium which will bring out in open 
forum the merits of welded vs. cast structures. At the same meeting, 
a paper of national interest will be presented on surface broaching as 
a machine-shop practise. 

The Management Division sponsored two sessions at the Semi- 
Annual Meeting at Denver and is sponsoring several sessions for the 
1934 Annual Meeting. During the past year the division had a 
number of subcommittees which have been active, among which are: 
(1) The waste elimination committee, which is assisting in the Annual 
Meeting program; (2) the engineering economics committee, which 
is also sponsoring sessions at the Annual Meeting; (3) the shop 
management committee, which is continuing its survey; (4) the 
marketing committee; (5) a special Metropolitan Section Com- 
mittee, which is sponsoring informal evening management conferences 
in New York several times a month; (6) and the Society’s special 
research committee on measures of management. The division also 
has an inactive subcommittee on maintenance. It has cooperated in 
the program of the engineering economic conference of the Stevens 
Institute Summer Camp and in that of the National Management 
Committee. 

The Materials Handling Division has not been active during the 
year because of the depressed conditions in its field. 

The Oil and Gas Power Division held its seventh national meeting at 
Pennsylvania State College, June 20-23, in cooperation with the 
Central Pennsylvania Section and the College. There were pre- 
sented ten technical papers. Preprints were made available.to the 
members and the proceedings of the meeting will be published 
in pamphlet form. The cost data report will be published in 
Transactions. The division will have a session at the 1934 Annual 
Meeting and has also arranged to have a meeting with the Metro- 
politan Section. 

The special subcommittee on oil-engine power costs, presented its 
sixth yearly report at the State College meeting. This report was for 
the year 1933 and covered 157 plants in comparison with 140 for the 
1932 report. This report in pamphlet form may be purchased from 
the Society. 

The Printing Industries Division held its national meeting in Phila- 
delphia October 8-9, 1934, in cooperation with the Philadelphia 
Section and there were presented some ten papers. This national 
meeting was the fifth conference of the technical experts of the print- 
ing industry and was cooperated in by all other printing organizations. 
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The papers of the meeting were printed through the courtesy of the 
Curtis Publishing Company. 

The Petroleum Division held a national meeting at Tulsa, Okla., 
May 14 to 17, during the International Petroleum Exposition. Six 
sessions were held, covering refining, production, and transportation. 
Most of the papers were preprinted in a special issue of the Oil and 
Gas Journal. Later the Petroleum Division sent out copies of this 
preprint to members in the division in good standing. 

The division has three committees functioning in the East—the 
petroleum refining committee, the petroleum utilization committee, 
and the lubrication engineering committee. The lubrication engi- 
neering committee is cooperating in several sessions at the 1934 
Annual Meeting. During the year it has been making a survey of 


jubricants used in industry, and as a result it is expected that these 
reports will deal with lubricants in the iron and steel, paper and pulp, ~- : 


textile, ceramic, and rubber industries. Some of this material will be 
presented at the Annual Meeting in cooperation with other divisions, © 


while part of it will be presented at meetings of other organizations =—> 
that have cooperated in the survey. a 


There are two main subcommittees active in the mid-continent 
district, those on production and transportation. These two com- 
mittees, besides arranging a series of local meetings in Tulsa, have 
continued the research activities they have sponsored. 

The production committee has worked out a procedure for the 
actual testing of producing oil through small diameter and tapered 
tubings, and efforts are now being made to locate a suitable well of 
over 1000 ft depth which could be turned over to the committee for 
investigating this problem. The committee is also carrying on tests 
on shell-type boiler insulation and is planning to run tests to deter- 
mine the relative slush-pump efficiencies when pumping colloidal 
muds of different densities. 

There have been other mid-continent research activities of interest, 
which are covered in the following items. The automatic station 
committee had a complete automatic station in operation at the 
Tulsa Exposition. The committee on gas-electric prime movers for 
rotary drilling completed its report which was presented at the Tulsa 
meeting. The oil-metering problems subcommittee, a subcommittee 
of the Fluid Meters Research Committee, is checking existing, and 
determining new coefficients when metering viscous fluids. The 
committee on fluid-flow calculations is collecting data on fluid flow in 
long operating pipe lines of 6-, 8-, and 10-in. diameters, and is also 
exploring the type of flow of the entire cross-section of the pipe, as a 
possible means of attacking the paraffin problem in operating pipe 
lines. 

The Process Industries Division was formed this year and has taken 
over the activities of the process industries committee. This includes 
the following subcommittees: heat transfer, drying, pulverizing and 
grinding, air conditioning, sanitation, unit operating costs, brewing, 
sugar industry, and ceramics. 

The reports of the special research committee on cotton-seed oil 
processing are given at sessions sponsored by this division, and one is 
to be presented at the 1934 Annual Meeting. 

The heat transfer subcommittee will sponsor a symposium of two 
sessions at the 1934 Annual Meeting. It also cooperated in pre- 
senting a paper before the American Society of Metals meeting in 
October. 

This division during the year developed its organization chart. 
Its activities will be developed along two lines; one, with functional 
subcommittees such as heat transfer, mixing, etc., cutting through 
various lines of industry; and the other with products subcommittees 
representing specific industries such as sugar, ceramics, etc. At the 
Annual Meeting one session will deal with the sugar industry. The 
air-conditioning subcommittee had a joint Metropolitan Section meet- 
ing in October. The brewery subcommittee is planning cooperative 
arrangements with the Master Brewers’ Association of America. 

The Power Division held two sessions at the 1933 Annual Meeting 
and is planning three sessions for the 1934 Annual Meeting. One of 
these sessions is on industrial power and the others on central-station 
power. 

Beside these sessions several of the Society’s special research com- 
mittees in the power field will hold sessions at the Annual Meeting, 
among these being boiler feedwater, power test codes, steam-tables 
research. The division has a special subcommittee on industrial 
power which holds a luncheon during the Annual Meeting. At the 
1933 Annual Meeting it presented a report on ‘‘Power-Plant Cost and 
Records.” 

The Railroad Division held a splendid session at the Denver Semi- 
Annual Meeting on the new high-speed railroad trains. The division 
will have two sessions at the 1934 Annual Meeting. The division has 
a special subcommittee in the Chicago district to stimulate interest in 
that section of the country in railroad-engineering activities of the 
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Society. It also cooperated in a Metropolitan meeting with the 
Petroleum Division. 

The Textile Division held a session at the 1933 Annual Meeting and 
will hold one at the 1934 Annual Meeting. It also assisted the Green- 
ville Section of the Society in holding a local meeting there in October 
during the Southern Textile Exposition. 

The Wood Industries Division held its national meeting in Camden, 
N. J., October 23-24, 1934, and presented six papers. During the 
year the symposium on wood preservation was published in pamphlet 
form and the edition was completely exhausted. The division also 


has a committee that is preparing a woodworking bibliography. 


Respectfully submitted, 
Crain B. Peck, Chairman 


W. A. SHoupy 
KENNETH H. ConpitT 


Geo. B. PeGram 


Crosspy 


MEMBERSHIP 


The Committee on Membership held twelve regular meetings 
during the fiscal year 1933-1934 and one special meeting. Following 
are the applications considered in the transaction of its work and a 
summary showing the action taken: 


Applications pending October 1, 1933 
Applications received during the fiscal year 1933-1934 


Total applications handled during year 1933-1934 
Recommended for membership 
Transfers denied 
Deferred 
Withdrawn or incomplete 
Applications pending October 1, 1934 


Total applications handled during year 1933-1934 


The 1839 recommended for membership were divided into the 
following grades: 


94 
69 


Transfers from Student Associate to Junior (R5-Rule 1) 
Transfers from Student Member to Junior (R5-Rule 1) 


Total recommended 
Transfers 


Total new members recommended 


During the fiscal year 1933-1934 the Membership Committee 
made the following recommendations: 


Transfers from Student Member to Junior—Elections De- 
clared Void 


Total elections declared void 
Resignations accepted 


Respectfully submitted, 


O. E. Gotpscumipt, Chairman C. L. Davipson 
H. A. LARDNER H. A. Pratr 


R. H. McLain H. Advisory Member. 


CONSTITUTION AND BY-LAWS 


During the year ending Sept. 30, 1934, several amendments to the 
By-Laws were approved by the Council. These included revision of 
the Code of Ethics, a change in the manner of electing delegates to the 
American Engineering Council by placing the choice of these dele- 
gates in the hands of the A.S.M.E. Council, a provision in the By- 
Laws and Rules dealing with the Local Sections Delegates’ Con- 
ference, and a change in the wording regarding life-membership 
payment. 

At the present time a statement of purposes of the Society is before 
the Committee for consideration, and recommendation thereon will 
be made to the Council at its December meeting. 
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Transfers to Associate-Member 80 
Transfers from Student M« M 3 
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In 1932 this Committee initiated a study of the possibilities of 
simplification of the By-Laws and Rules of the Society. In view of 
the work of the Committee on Policies and Budget which will lead to 
extensive changes ia the wording, the Committee stopped its work and 
is now waiting the pleasure of the Council before proceeding further. 

During the year Philip R. Faymonville, Major U. 8S. A., resigned 
from the Committee because of his appointment as military attaché to 
the Ambassador of the United States to the U.S.S.R. His place was 
filled by Richard Kutzleb, Jr., of Brooklyn, N. Y. 


Respectfully submitted, 


R. Neat, Chairman HERBERT B. Lewis 
H. H. SNELLING Wo. H. KavanauGH 
RicHarp Kutzues, Jr. Gitmoure™ N. Co.ue. 


AWARDS 


a To aid the Committee in making its recommendations for the 
A.S.M.E., Melville, Holley, and Worcester Reed Warner Medals, 
about one hundred prominent members of the Society were invited to 
make suggestions. 

In response to requests from Student Branches it was decided to 
announce hereafter the subject for the Charles T. Main competition 
earlier in the year. Accordingly, the Committee announced for 1935 
the subject ‘‘Coordinated Transportation—An Economic Comparison 
of Railroad, Bus, Truck, Water and Air Transportation for Long and 
Short Hauls,”’ and for 1936 the topic is ‘‘Developments in the 
Generation and Distribution of Power and Their Effect Upon the 
Consumer.” The topic for 1934 was “Air Conditioning—Its 
Practicability and Relation to Public Welfare.” The Air Condi- 
tioning Committee of the Society cooperated with the Committee 
on Awards in making recommendations for this award. 

The Committee on Relations With Colleges again accepted the 
responsibility of making recommendations for the Student Awards. 

The Committee made the following recommendations to Council 
for awards presented at the Annual Meeting: 

A.S.M.E. Medal to Ambrose Swasey, for his contributions to the 
advancement of the engineering profession and for his part in the 
development of the Turret Lathe and Astronomical Telescope. 

Melville Medal to William E. Caldwell, for his paper on “‘Charac- 
teristics of Large Hell Gate Direct Fired Boiler Units.”’ 

Worcester Reed Warner Medal to Dexter S. Kimball, for his contri- 
butions to efficiency in management as exemplified by his recently 
revised ‘Principles of Industrial Organization’’ and by his many 
articles, engineering society papers, and public addresses. 

Junior Award to Townsend Tinker, for his paper on ‘Surface 
Condenser Design and Operating Characteristics.” 

Charles T. Main Award to George D. Wilkinson, Jr., of the Newark 
College of Engineering, for his paper on ‘Progress in the Prevention 
of Smoke and Atmospheric Pollution.”’ 

Student Awards, Undergraduate, to Hugo V. Cordiano of the Poly- 
technic Institute of Brooklyn for his paper on ‘‘Thermal Analysis of 

the Lithium-Magnesium System of Alloys.’ Postgraduate, to James 
_A. Ostrand, Jr., of Princeton University for his paper on ‘Sudden 
in the Open Channel.” 


Respectfully submitted, 


F. L. Etromann, Chairman 
W. L. Barr R. C. H. Heck 
H. Diepericus L. P 


RELATIONS WITH COLLEGES 


Whereas many of the Society’s functions were somewhat less active 
than in previous years, the Student Branches had one of the most 
successful years in their history. The “new plan” adopted two years 
- ago was extended to fifteen Branches in the Alleghenies Group 
_ (Group III) during the past year and the Council has now approv ed 
the introduction of the plan to all the remaining Colleges (28 in all) 
_ before Dec. 1, 1934, constituting Groups VI and VII. Without 
exception the new plan has been adopted by the Branches to which 
it has been presented. The result has been a student membership of 
approximately 2300 in the five groups, which has been most gratifying 
to the members of the Committee. Approximately 513 meetings 
were held,? 


1 A table showing the number of members and average attendance 
<p = at meetings at each branch is a part of the original report and is 


available at headquarters. 


RECORD AND INDEX 


When the new plan was first introduced in 1931, it was with a 
certain amount of hesitancy that the Committee was allowed to go 
ahead, since the Society was curtailing its expenses in all directions. 
After considerable assurance on the part of the Committee that the 
dues from Student Members would balance the operating expenses 
even under present economic conditions, the approval was obtained. 
The results over a period of three years have fully justified the confi- 
dence of the Committee and of the Council. 

Of the 2300 student members in 1933-1934, over 50 per cent or 1200 
graduates have already been transferred to Junior Membership in the 
Society. The new student membership with its resultant transfer to 
Junior membership has thus brought into the Society a larger number 
of Juniors in the last two years than would have been possible in the 
same time under the previous procedure. This has developed addi- 
tional cooperative action on the part of the various local sections 
throughout the country to continue the awakened interest of these 
men, and many of the sections have organized Junior Committees. 
The Committee on Relations With Colleges appreciates the coopera- 
tion that the Committee on Local Sections has given in this matter, 
as well as its continued interest and support in the Student program. 

Five Regional Student Conferences were held: at Atlanta, Chicago, 
Philadelphia, Pittsburgh and Troy, with an average attendance of 
200. Table 1 offers a summary of these Conferences and gives the 
number of students in attendance; the number of student papers, 
and the prize winners. 


TABLE 1 GROUP CONFERENCES, 1934 


Student 
Group Atten- Papers, 
No. Location Dates dance No. Prize Winners 
I Troy, N. Y. May 11-12 154 13 M.I.T., Yale Univ., 
Poly. 
nst. 


II Phila., Pa. Apr. 9-10 250 16 C.C.N.Y., Prince- 
ton Univ., Ste- 
vens Inst. of 
Tech. 

Ohio State Univ., 
Univ. of Pitts- 


Ill Pittsburgh, Pa. Apr. 16-17 210 9 


IV Atlanta, Ga. Mar. 26-27 177 15 Univ. of N. C., 


< 
° 
2, 


V Chicago, Ill. Apr. 23-24 206 17 Univ. of Iowa, 


Univ. of Illinois, 
Lewis Institute 


At each of these Conferences, three cash prizes were awarded. _ 
The names of recipients with the titles of the papers they presented 
are as follows: 


New Stupent ConrERENCE 


Student Title of Paper College 
Samuel Untermeyer, II Ignition the Mass. Inst. of 
High-Speed D Tech. 


Gordon 8. Williams 
Wilbur E. Kidder 


Heating and CoolingWith Yale Univ. 
Reversible Cycle 

Adaptation of Diesel and 
Still-Type Engines to Rensselaer 
Locomotive Service Poly. Inst. 


Eastern Stupent ConFrERENCB 
An Improved be» of 
Intake-Valve Casting 
for Internal-Combus- Princeton 
tion Engines Univ. 


Harold G. Abramowitz Hydrodynamic Theory 
and Application of the 
Magnus Effect 

Technical Aspects of Re- 
cent Developments in Stevens Inst. 


the Piano of Tec 
ALLEGHENTES CONFERENCE 


i f Tech. i 
ance of a Power Boiler Univ. First » 


Albert F. Faber, Jr. 


C.C.N.Y. 
Hans J. Lang 


C. Addison Hempstead A Complete Heat Bal- Ohio State 


Owen S. Cecil A Hydrofoil Boat Design Univ. of Pitts- ee ‘eo 
burgh Second 
Arthur M. Gompf Some Engineering Appli- Johns Hop- : 


cations of Silica Gel kins Univ. Third 


SovurTHerN Stupent CONFERENCE 
An Investigation of the 
Failure of Cast Iron ~~ 
Pistons in an Automo- 7 
bile Engine Univ. of N.C. First _— 
Luther Samuel Miller Visual and Photographic ro 


Examinations of High 
Speed Mechanisms Univ. of Va. Second — 
Univ. of Fla. Third 


Paul R. Hayes 


Charles Bolton, Jr. 


Mechanical Control of 
Anti-Aircraft Fire 


as 
| 
: 
Prize : 
First 
Third 
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Mipv-West StupEent CoNFERENCE 
T. S. Kiesling Anti-Knock Properties of 
lcohol-Gasoline 
Blends Univ. of Iowa First 
Absorption Refrigeration 
for Refrigerated Trucks Univ. of Ill. Second 


J. W. Ruff 


Division of Load Between 
Large Turbo-Genera- 
tors 


John R. Bonnell 
Lewis Inst. Third 

Four new Student Branches authorized in March and June, 1933, 
and one in December, 1933, were organized this year and operated 
under the new plan. They are New York University Evening 
Branch, Lewis Institute, Southern Methodist University, Tulane 
University, University of Toronto (Student Branch of Ontario 
Section). This increases the number of Student Branches to 112. 

The Student Branch at the University of North Dakota was dis- 
continued because the mechanical-engineering course was dropped. 

The Committee is pleased to report that it was able to authorize six 
student loans from the Max Toltz Fund in amount of $740 to six 
deserving student members in order that they might continue their 
engineering education. 


CoMPARISON OF BraNcH ACTIVITIES BY GROUPS 
The strong recommendation of the Committee upon the inaugura- 
tion of the new plan, was that every Branch be visited every year by 
TABLE 2 COMPARISON OF BRANCH ACTIVITIES BY 
GROUPS 
Avg. 


Attendance 
per Meet- 


Avg. No. 
Meetings 
per Branch 


No. of 
Branches 


an Officer of the Society, a member of the Committee, or a Staff 
Officer. This has not been accomplished to date. However, during 
the last year and due largely to the cooperation by members of the 
Council, visits were made to 42 of the existing 112 Branches. 

The following members of the Council, of the Committee on Rela- 
tions With Colleges, and of the headquarters staff visited the Branches 


TABLE 3 BRANCH MEETINGS HELD DURING LAST THREE 
FISCAL YEARS 


Fiscal Year Ending September 30 
1932 1933 1934 
Number of Branches 
Number of Meetings Held 
Average Number of Meetings 
Average Attendance per Meeting 


Records not reported. 


during the year: President Paul Doty, Past-Presidents Roy V. 
Wright and William L. Abbott, Prof. James A. Hall, Prof. J. A. 
Hunter, Dr. D. B. Prentice, Prof. E. F. Church, Jr., E. W. O’Brien, 
Calvin W. Rice, C. E. Davies, Ernest Hartford, and R. R. Leonard. 


Respectfully submitted, 


E. F. Cuurcu, Jr., Chairman 
L. ABBoTr 
EvuGeEne W. O’BrIEN 


Roy V. Wricut 
W. A. HANLeEy. 


EDUCATION AND TRAINING FOR THEJINDUSTRIES 


The Committee on Education and Training for the Industries 
sponsored a session at the Annual Meeting of the Society in December 
1933. 

Due to general industrial conditions there has not been the oppor- 
tunity during the past year to press the work of the Committee, there- 
fore the only meeting it held during the past year was at the time of 
the Annual Meeting in New York. 


Respectfully submitted, 


H. 8. Chairman 
C. F. BatLey 
C. J. Freunp 


J. YOUNGER 
J. AU RANDALL. 


a TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS | 


In the quiet secluded atmosphere of the Engineering Societies 
Library, a work of extraordinary importance is being carried on, 
unrealized by many in our Society. It administers to a far more 
poignant need than the usual bibliothecal research for which the 
library was originally intended. It is one of the most humanistic 
endeavors of the societies. Its object is to furnish a place and the 
means for many engineers whose outlook has been darkened by the ex- 
tended depression to secure mental refreshment. That the library 
answers a real need is attested by the increasing numbers that have 
used it since the depression started. In spite of the shortened hours 
during which it was open, over 42,000 members used it in 1933. 

The disheartening feature to those of us who have been associated 
with the library is, that in face of an increasing demand on its facili- 
ties, there has been a rapidly falling supply of funds to carry them on. 
The budget for 1933 was 17 per cent lower than 1932 and 21 per cent 
lower than 1931. 

The severe reduction in a budget which has always been too meager 
for the demands of the library made drastic and unfortunate econo- 
mies necessary. The hours were shortened, purchases of desirable 
books curtailed, and all salaries reduced. Under the able direction of 
Mr. Craver and the loyal cooperation of his assistants, every effort 
was made to maintain the library service up to its high standards. 
Sixty-seven hundred books were added during the year 1933, about 
thirteen hundred less than in 1931. The collection now contains 
145,000 volumes and maps. 

The Library Committee has been restrained from seeking to aug- 
ment its income by appealing to individuals for donations, by the 
ruling of the Founder Societies that this would not be consonant with 
its traditions nor the desires of its benefactors. There can of course 
be no objections to the acceptance by the Library of donations made 
freely without solicitation. 

We feel that the Founder Societies have cut the budget of the 
library too deeply, and without a true appreciation of the real effects. 
The library is not in the class with many of the endeavors of the 
societies, such as research, standardization, etc. In these, a lowered 
budget ordinarily will merely postpone desired results but not other- 
wise materially handicap the work to be done. The Library, how- 
ever, is a going business, operating every day and its work must be 
carried on, not only at its accustomed pace but at an increasing rate. 
Cutting the library budget at this time is not good economy. 

Over 10,000 members used the library by correspondence in 1933, 
relying upon the staff to supply the desired information. That is real 
service. 

The statistical and financial year of the Library is the calendar 
year. This report is, therefore, based upon the operations of 1933 


Respectfully submitted, 


Water M. KEENAN, Chairman 
E. P. WorpEN a L. K. Sttucox 
Geo. F. FELKER Carvin W. Rice. 


The Society’s Research Committee has had throughout the year 
the cooperation of the 25 special and joint research committees in its 
effort to keep its expenditures within the greatly reduced appropria- 
tion of the 1933-1934 budget. They have taken the curtailment of 
headquarters staff service in good spirit and their accomplishments 
this year are a splendid testimonial to the virility of this cooperative 
research activity. 


LIBRARY 


RESEARCH 


CoMMITTEE ACCOMPLISHMENTS 


Two committees have had noteworthy success in raising funds from 
industry in a year of depressed business conditions. J. H. Walker's 
Subcommittee on Alkalinity and Sulphate Relations in Boiler Water 
Salines, secured subscriptions totaling $9000 from 64 companies 
during the year. The Committee on Mechanical Springs secured 
$2000 from another group to correlate spring-wire bending and 
torsion-fatigue data. 

Grants totaling $7250 were made by the Engineering Foundation 
to six of the Society’s committees. These funds have made it possible 
for these committees to retain the greater part of their personnel, to 
keep their equipment in good condition, and to advance their projects 
considerably. The committee on the Effect of Temperature on the 
Properties of Metals was thus enabled to investigate the reason 
chrome-nickel steels are free from embrittlement at high tempera- 
tures, a discovery that resulted from its experimental programs of 
last year. The Joint Committee on the Cutting of Metals has col- 
lected and evaluated data for the preparation of practical shop hand- 
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books on metal cutting. With the funds provided by the Foundation 
the Committee on Wire Rope has secured data for the formulation of a 
practical and more accurate method of determining the remaining 
useful life of wire ropein service. Two other Foundation grants have 
enabled the Society to prepare valuable monographs, one of which is 
on the properties of spring materials and one on riveted joints. The 
Committee on Critical Pressure Steam Boilers has also been greatly 
aided in completing an investigation of pressure drop in forced-circula- 
tion steam generators. 

The most important research meeting of the year was the Third 
International Steam Table Conference held in Washington, Boston, 
and New York during the week of September 17 under the auspices of 
the Society, the Research Committee, and the Committee on Thermal 
Properties of Steam. It was attended by steam-research experts 
of Great Britain, Germany, Austria, and the United States. The 
purpose of the conference was to discuss the experimental data 
obtained in the several laboratories during the past four years and 
to reduce the tolerances for the values in the skeleton table set up at 
the London and Berlin Conferences in 1929 and 1930. It is expected 
that the revised table will form the basis for the formulation of steam 
tables for many years to come. 

The outstanding report of the year was undoubtedly that made by 
the Committee on the Strength of Vessels Under External Pressure. 
It consisted of rules for the construction of unfired pressure vessels 
subjected to external pressure and was adopted immediately by the 
Boiler Code Committee as an addendum to the Code for Unfired 
Pressure Vessels. These rules are the result of five years of research 
in an unexplored field and are considered by the Boiler Code Com- 
mittee to be a monumental piece of work. 

Other active committees have been those on Fluid Meters, which is 
developing accurate meter coefficients for the flow of gases and 
liquids; on Automatic Pipe Line Pumping Stations, which has 
improved and rebuilt its automatic pumping-station demonstration 
at the International Petroleum Exposition; and on Cotton Seed 
Processing, which in cooperation with the Tennessee Valley Authority 
and the University of Tennessee has made rapid progress in its 
studies to improve cotton-seed processing. 


A Few Facts anp FIGURES 


Last December fifteen of the Society’s research committees held 
meetings at the time of the Annual Meeting with a total attendance 
of 195. They also contributed 20 research papers and reports to nine 
technical sessions. 

The Society was not able to publish all of the 20 research papers 
and reports in the A.S.M.E. Transactions and Mechanical Engineer- 
ing. The trade publications were very helpful in this situation and 
several papers and reports appeared in American Machinist, Combus- 
tion, and Instruments. Others were duplicated by the photo-offset 
process by the committees themselves. Copies of all these research 
reports and papers for the year are available at headquarters. 

The cost of staff service which covered the entire research activity 
of the Society is estimated to be approximately $3000. Expendi- 
tures on committee programs from contributed funds totaled $14,000 
in the first eleven months of the year. The time and expense of 
committee members probably exceeded the known expenditures. 

Committee funds are spent chiefly on experimental laboratory 
work. The various experimental programs were carried on at the 
following seventeen institutions: National Bureau of Standards, 
National Bureau of Mines at Pittsburgh, Pa., and New Brunswick, 
N. J.; U. S. Navy Model Basin; Battelle Memorial Institute; 
Stevens Institute of Technology; Massachusetts Institute of Tech- 
nology; and at Brown, Harvard, Lehigh, Michigan, Minnesota, 
Oklahoma, Ohio State, Purdue, Tennessee, and Yale Universities. 
Several industrial laboratories also cooperated while a number of 
technical societies and trade associations acted as joint sponsors, 
financial supporters, and collectors of technical data. a i 

ADMINISTRATION AND Future ProGRamM 

In an effort to make the effect of budget curtailment as gradual as 
possible the Research Committee obtained small contributions from 
some of the special and joint committees toward a fund to supplement 
the Secretary’s budget. One contribution of $500 was made. To 
this was added several small balances left in the funds of discharged 
committees and the situation was thus somewhat alleviated. It was 
nevertheless impossible for the Committee to meet fully all the obliga- 
tions which the Society has undertaken in the past. 

The research committees provide many excellent opportunities for 
the Junior Members to participate in Society affairs. It is quite 
usual for the younger men either to be full members of these com- 
mittees or do a great deal of the committee work for their superiors 
who are committee members. The Research Committee invites a 
junior member to sit with it at meetings. 
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At the request of the Committee on Policies and Budget a critical 
analysis of the Society’s research activities was prepared. Itis grati- 
fying to note that this committee has stated that one of the purposes 
of the Society is to encourage research and the presentation of reports 
in order to advance the theory and practise of mechanical engineering. 

The recovery period immediately ahead is apparently to be one 
of closer cooperation in industry due to the impetus supplied by 
the National Recovery Act and the leadership which this act lays on 
trade associations. There are many scientific and technical prob- 
lems of broad interest and of a non-competitive nature which need to 
be solved and the initiative, resources, and common purpose, which 
trade associations of the new day will be able to supply, will bring 
about their solution if the necessary impartial auspices, trained person- 
nel, and leadership are provided by the Society. 


SPECIAL AND JOINT COMMITTEE REPORTS 


Lubrication, A. E. Flowers, Chairman. The committee has con- 
tributed to the support of two investigations (1) on pressure-vol- 
ume-temperature relations of several oils at Harvard University under 
Dr. R. B. Dow and (2) on viscosity-pressure relations at Brown 
University under Dr. M. D. Hersey. A reorganization of the com- 
mittee is under way in order that a broad program of work may be 
undertaken that will cover both the physics and chemistry of lubrica- 
tion and practical service problems. 

Fluid Meters, R. J. S. Pigott, Chairman. Part 3 of the Report on 
Fluid Meters, entitled ‘‘Selection and Installation’? was published by 
the Society in December, 1933. Extensive revision of Part 1 on 
“Theory and Application” is proceeding, though it is not likely to be 
published before June, 1935. 

The tests under Prof. W. H. Carson to check existing and to deter- 
mine new meter coefficients for use in metering viscous fluids have 
been started again at the University of Oklahoma following the 
decision of the state authorities not to move this engineering school 
to the State Agricultural and Mechanical College. 

Fundamental data on orifice coefficients for the measurement of air 
and water are being prepared for publication by the joint A.S.M.E.- 
A.G.A. Subcommittee. The final report will be presented at the 
October meeting of the American Gas Association. 

The Committee on Fluid Meters is cooperating also with the A.S.- 
M.E. Power Test Code Committee in a campaign for funds to conduct 
research at the National Bureau of Standards on the shape, size, and 
coefficients of flow nozzles. 

Thermal Properties of Steam, Alex Dow, Chairman. The usual 
steam-table session was held at the December, 1933, Annual Meeting 
at which progress reports and papers related to the committees 
program were presented and discussed. 

The experimental programs of this committee were brought to a 
close on January 1, 1934. Asa large amount of data is now available 
for comparison and coordination in this country and abroad arrange- 
ments were made to hold the Third International Steam Table Con- 
ference in the United States, September 17 to 22. Steam-research 
experts from Great Britain, Germany, Austria, and the United States 
attended. At this conference the tolerances for the values in the 
skeleton table set up at the London and Berlin conferences of 1929 
and 1930 were narrowed and the revised table will form the basis 
for new steam tables in the near future. The Engineering Founda- 
tion and industry financed the Conference. 

Strength of Gear Teeth, R. E. Flanders, Chairman. The Committee 
received a donation from two concerns of a special testing machine to 
aid in the study of surface-fatigue and wear phenomena of various 
materials used for gears. Prof. Earle Buckingham is conducting the 
investigation at the Massachusetts Institute of Technology with the 
assistance of industrial firms. A photoelastic study of transparent 
rolls revolving under various conditions of compressive and torque 
loads has been made this year. 


Cutting of Metals, Coleman Sellers, 3rd, Chairman. At the time of 


the December, 1933, Annual Meeting the Committee cooperated 
with Stevens Institute of Technology in its Fiftieth Anniversary 


Celebration in honor of F. W. Taylor. The Committee provided a 
metal-cutting technical session and a metal-cutting demonstration on 
a large modern lathe at practical shop speeds and feeds with various 
cutting-tool shapes. 

Since the celebration, R. C. Deale, secretary of the committee, has 
conducted tests on the lathe to obtain data with which to fill in gaps 
and to evaluate existing information on the cutting of cast iron and 
steel. This is part of the committee’s program to compare the results 
obtained by different experimenters and to carry on additional 
tests where necessary. Sufficient data has been obtained to pre- 
pare a practical handbook of limited scope on metal cutting. [tis recog- 
nized that these data while not complete, are so much better than 
any at present available that publication seems justified. The Engi- 
neering Foundation is giving substantial financial aid to this project. 
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Mechanical Springs, J. R. Townsend, Chairman. The committee 
conducted a technical session at the December, 1933, Annual Meeting 
for the discussion of progress reports and related papers by Messrs. 
D. J. McAdam, Jr., H. C. Perkins, J. B. Reynolds, and M. F. Sayre. 

Dr. D. J. McAdam at the National Bureau of Standards has con- 
tinued work on the extensive monograph devoted to the properties of 
spring materials. He has had the part-time assistance of R. W. 
Clyne, a young engineer loaned by an industrial concern. The 
Engineering Foundation made a grant of $1000 to help defray the 
expense of preparing the monograph for publication. 

F. P. Zimmerli, chairman of a subcommittee, has obtained $2000 
from several companies for the correlation of spring-wire bending and 
torsion-fatigue data at the University of Michigan. 

The fatigue-test program on large railway-type helical springs 
which has been under way in a number of cooperating companies was 
suspended this year because of business conditions. 

Dr. W. G. Brombacher at the National Bureau of Standards com- 
pleted and distributed his ninth supplement to the Committee’s 
Bibliography on Mechanical Springs. 

Effect of Temperature on Properties of Metals, H. J. French, Chair- 
man. (Joint Committee with the American Society for Testing 
Materials.) As the result of the experience of industry and research 
laboratories with the Committee’s tentative test codes for short-time 
and long-time high-temperature tensile tests, clarifications and revi- 
sions have been made. 

The committee sponsored two technical sessions, one at the Decem- 
ber, 1933, meeting of the A.S.M.E. and the other at the June, 1934, 
meeting of the A.S.T.M. At the former meeting an extensive report 
was presented and published of the researches relating to cast and 
wrought 18-8 chromium-nickel steels with different carbon contents 
which were conducted at Battelle Memorial Institute and the Uni- 
versity of Illinois. (See A.S.M.E. Transactions July, 1934, Paper 
RP-56-6.) The results from this investigation have led to a study of 
the embrittlement of heat-resistant 18-8 chrome-nickel steels. The 
Engineering Foundation has made a grant of $3000 toward the re- 
search which will be conducted at Battelle Memorial Institute. 

A program for studying the performance of still-tube steels in actual 
oil-refinery service has been worked out with representatives of the 
American Petroleum Institute and the American Association of Steel 
Manufacturers. Adequate financing is still to be secured. 

Arrangements have been made with several universities for a co- 
operative investigation of the seizure of metals at high temperatures. 

Condenser Tubes, A. E. White, Chairman. During the past year 
the Committee has continued its investigation of the various factors 
affecting condenser-tube life. Particular attention has been given 
to the standardization of tests for the comparison of the corrosion- 
resistant properties of tube alloys, the effect on tube life of chlorine 
when used as a cleaning agent, protection against end corrosion, the 
value of electrolytic protection, and experience with the newer tube 
alloys. Progress Report No. 7 was presented at the Annual Meeting 
in December, 1933. 

Boiler Feedwater Studies (Joint Committee with the American 
Boiler Manufacturers Association, American Railway Engineering 
Association, American Society for Testing Materials, American 
Water Works Association, and Edison Electric Institute),S. T. Pow- 
ell, Chairman. At the University of Michigan the experimental 
program of C. H. Fellow’s subcommittee has been continued. It 
consists in an examination of methods of boiler-feedwater analysis 
with a view toward establishing methods suitable for recommendation 
as standards. 

Prof. C. W. Foulk has continued his studies at Ohio State Uni- 
versity of the priming and foaming of boiler waters although the 
Joint Committee has been forced to withdraw its financial support. 

There has been excellent progress made in the investigation of the 
solubility of sodium sulphate in boiler-water salines as related to 
the prevention of embrittlement. This program is under way at the 
Non-Metallic Minerals Station of the Bureau of Mines and is being 
financed by a subcommittee under the chairmanship of J. H. Walker. 
$15,000 has been collected in the last year and a half to support the 
work. 

At the December, 1933, Annual Meeting progress reports on this 
work and related papers were presented at a session sponsored by the 
Joint Committee. A similar session will be held in December, 1934. 

Strength of Vessels Under External Pressure, W. D. Halsey, Chair- 
man. The Committee’s proposed rules for the construction of unfired 
pressure vessels subjected to external pressure (see Mechanical 
Engineering, April, 1934) were adopted by the A.S.M.E. Boiler Code 
Committee as an addendum to the Code for Unfired Pressure Vessels. 
These rules are the result of five years of research in an unexplored 
field and are considered by the Boiler Code Committee to be an out- 
standing piece of work. The Special Research Committee is now 
attempting to develop an extension of the rules for vessels con- 
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structed of non-ferrous alloys and also for vessels of boiler plate 
operated at temperatures above the present limitation of 700 F. 

Absorption of Radiant Heat in Boiler Furnaces, W. J. Wohlenberg, 
Chairman. A report on the measurement of temperature in water- 
wall furnaces has been prepared under the direction of the chairman 
at Yale University but has not as yet been released for publication. 

Velocity Measurement of Fluid Flow, W. F. Durand, Chairman. 
As teaching duties have permitted, Professors H. E. Hartig and H. B. 
Wilcox at the University of Minnesota have continued the develop- 
ment and testing of their method of utilizing sound waves for the 
measurement of velocity of fluid flow. 

Measures of Management, W. E. Freeland, Chairman. This Com- 
mittee’s chief activity is the collection and reporting of information 
on management research in progress throughout the country. It 
cooperated with the Management Division in a management research 
session at the December, 1933, Annual Meeting and will do so again at 
the Decezaber, 1934, meeting. A round-table conference was also 
held on the control of quality and its practical significance to the 
inspection function in manufacture. This resulted in the formation 
of a subcommittee by the Management Division. Another sub- 
committee of the Division on time and motion study is an outgrowth 
of this research committee's activity. 

Diesel Fuel-Oil Specification, L. H. Morrison, Chairman and the 
Joint S.A.E.-A.S.M.E. Diesel Fuel Combustion, O. D. Trieber, Chair- 
man. A suggested program for cooperative Diesel-fuel research was 
developed by a subcommittee of the Joint Committee and this report 
has been distributed and published widely in the hope that it may 
stimulate further work. Nevertheless it has seemed wise to the 
sponsors to discharge these two committees as they have accomplished 
little in the last two years and their elimination would appear to help 
clear up a confused situation in a field where other groups are working 
more effectively. 

Wire Rope, W. H. Fulweiler, Chairman. The Committee believes 
it has established certain fundamental facts from which a practical 
and more accurate inspection method can be developed for the de- 
termination of the remaining useful life of wire rope in its various 
services. Such a practical code is now being formulated for trial by a 
group of elevator-rope inspectors. Tests on discarded rope samples 
are being continued for the committee at the National Bureau of 
Standards in order to obtain further check data. The report on the 
150 samples tested to date will be published in the near future. The 


Engineering Foundation is continuing its financial support of the 


Committee’s program. 

Heavy Duty Anti-Friction Bearings, W. Trinks, Chairman. During 
the year the Committee’s final report ‘Roll Neck Bearings’ was 
revised in the light of recent data and now gives up-to-date, compre- 
hensive, and reliable information on the possibilities and limitations 
of roller bearings when applied to the roll necks of rolling mills. Due 
to the Society’s curtailed staff progress in putting the report in pub- 
lished form has been slow. The committee, though comparatively 
inactive at the present time, is continuing to collect data on rolling 
and roll-neck bearings. 

Removal of Ash.as Molten Slag From Powdered-Coal Furnaces, K. M. 
Irwin, Chairman. A final report giving the present state of knowl- 
edge of slags from slag-tap furnaces and their properties and based on 
this committee's last four years’ experimental program at the Bureau 
of Mines, was presented at the December, 1933, Annual Meeting. A 
series of tests to substantiate the results obtained have been run 
during the year. This Committee’s work has been particularly 
valuable in that it has shown what material can and cannot be used 
to flux slags in powdered-coal furnaces. 

Automatic Oil Pipe-Line Pumping Stations, W. G. Heltzel, Chair- 
man. For demonstration at the International Petroleum Exposition 
in Tulsa in the spring of 1934 the Committees’ experimental pumping 
station was redesigned and rebuilt on the basis of the experience that 
had been gained in field stations for which it had originally served as 
a model. A large number of equipment manufacturers, pipe-line 
companies, and utilities contributed liberally in labor, materials, and 
equipment to reconstruct the station. If received much favorable 
comment as an instructive display. The committee has sponsored 
technical papers on pipe-line, pumping-station design and operation at 
meetings of the American Petroleum Institute, The American Society 
of Mechanical Engineers, and the Petroleum Exposition during the 
past year. 

Rotary Drilling of Oil Wells, D. L. Trax, Chairman. The report on 
performance and efficiency of gas-electric prime movers for rotary 
drilling was completed and a paper on that subject presented at the 
Petroleum Division meeting in May, 1934. 

Critical Pressure Steam Boilers, A. A. Potter, Chairman. With the 
aid of a grant from Engineering Foundation this Committee has 
conducted an investigation to determine the effect of unequal heat 
absorption, unequal circuit resistances, and the location of equalizers 
upon the flow distribution in the circuits of forced circulation steam 
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generators. The data was obtained from the experimental high- 
pressure boiler under the direction of Dean Potter at Purdue Uni- 
versity. The results will be reported at the 1934 Annual Meeting of 
the Society. 

Cotton-Seed Processing, W. R. Woolrich, Chairman. The experi- 
mental program of this Committee has been proceeding actively at 
the University of Tennessee and in the field with the aid of the 
Tennessee Valley Authority. An experimental machine has been 
built to impregnate cloth with cotton-seed roofing compound and thus 
produce a cheap but durable agricultural waterproof tarpaulin. A 
continuous filter and cooker have been constructed and are under 
test. A bibliography of 500 titles on cotton-seed processing has been 
developed and will be published along with a data book and manual 
on processing. The Engineering Foundation, Tennessee Valley 
Authority, University of Tennessee, and several trade associations are 
financing this project. 

The special research committees on Elevator Safeties, Worm Gears, 
Boiler Furnace Refractories, and Sampling Pulverized Fuel in a 
Moving Gas Stream have been inactive during the year. 
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Council for approval after which it was transmitted to the A.S.A. for 
approval and designation as an American Standard. 


(2) Proprosep STANDARD Berore Sponsor Bopies 


The drastic cut in the technical committee staff at headquarters has 
materially slowed up the progress at this stage. 

Jig Bushings, F.S. Walters, Chairman. Technical Committee No. 
8 met in December, 1933, and completed and released the final draft 
of its proposed standard to the Sectional Committee on the Standardi- 
zation of Small Tools and Machine-Tool Elements for approval. 
The letter ballot of the latter was completed in July. The proposed 
standard is now before the three sponsor bodies for approval and 
transmittal to the American Standards Association. 

Drawings and Drafting-Room Practise, F. DeR. Furman, Chairman. 
In December, 1933, the Sectional Committee on Standards for 
Drawings and Drafting-Room Practise met to discuss a final draft of 
this proposed standard. Several controversial points at issue were 
debated and agreement on them was reached. A revision of that 
draft was then prepared by the editing committee, T. E. French, 
Chairman, and submitted to the sectional committee for letter- 
ballot vote in May. The Society for the Promotion of Engineering 


-- > A. D. Banar, Choirman Education, acting in its capacity as sponsor with the A.S.M.E. for this 
sectional-committee, considered the proposed standard at its annual 
G. M. Eaton C. R. Ricuarps 

— ~ir - —! meeting held in June, 1934, at Cornell University. On the recom- 
D. B. BuLiarD C. T. Ripizy. 

—me J5 «© mendation of its Division on Drawings and Descriptive Geometry, 

a - the S.P.E.E. granted its approval subject to favorable action on the 

a _ _—s part of the sectional committee. The vote of the sectional com- 

6 mittee resulting in favorable recommendation was completed in 

STANDARDIZATION September and the proposed standard is now before the A.S.M.E. 


Many and various circumstances have operated this year to slow up 
the standardization activity of the Society. Through the activities 
of the numerous committees and subcommittees, however, the 
A.S8S.M.E. Standardization Committee is able to report satisfactory 
progress toward completion and publication of a large proportion of 
the projects within the fiscal year. Ten standards for which the 
Society is sponsor or joint sponsor are passing through the final 
stages of the A.S.A. approval procedure and will be issued in pamphlet 
form within a few months following the close of the year. 

Under the A.S.A.’s procedure it is convenient to indicate the present 
status of the several projects for which the Society holds sponsorship 
or joint sponsorship by classifying them under the following seven 
heads which represent definite steps in that procedure but in reverse 
order according to time: (1) Before the A.S.A. for Final Approval 
and Release for Publication; (2) Proposed Standard Before Sponsor 
Bodies; (3) Revised Proposal Before Sectional Committee; (4) 
Review of Comments by Subcommittee; (5) Distribution of Tenta- 
tive Proposal to Industry for Criticism and Comment; (6) Develop- 
ment of Proposal by Subcommittee; and (7) Committee Organiza- 
tion. 

In the paragraphs of the reports which follow will be found brief 
descriptions of the status of the several projects and subprojects 
which have made progress during the year. These have been classi- 
fied under the seven heads listed above. 


(1) Berore Tue A.S.A. ror FINAL APPROVAL AND RELEASE FOR 
PUBLICATION 


Twist Drills. The three sponsor bodies for the Sectional Com- 
mittee on the Standardization of Small Tools and Machine-Tool 
Elements, the S.A.E., N.M.T.B.A., and A.S.M.E., approved the 
proposed American Standard for Twist Drill Sizes during the last 
year. Accordingly, in September the proposal! was transmitted to the 
American Standards Association for final approval and designation as 
an American Standard. C. W. Spicer is Chairman of the Sectional 
Committee. 

Shafting Keys, C. M. Chapman, Chairman. The solution of the 
many problems of a commercial nature now before the machinery- 
manufacturing industries delayed the committee in reaching a final 
agreement on the issue raised last year relative to the use of the !/«- 
and 5/\-in. keys. In July, however, the committee announced the 
unanimous acceptance of a compromise agreement whereby the use of 
the 1/~ 1/,in. key is approved for shafts having and 1!/,-in. 
diameters and the 5/16 X ®/1s-in. key for shafts having 15/:e- and 13/s-in. 
diameters. 

Following this approval by the Sectional Committee the revised 
standard was submitted to the A.S.M.E., the sponsor body, for 
approval and transmission to the A.S.A. It is now before the A.S.A. 

Hose Coupling Screw Threads, H. W. Bearce, Chairman. The 
letter-ballot vote of the members of the Sectional Committee on the 
proposed American Standard for Hose Coupling Screw Threads !/2- to 
2-in., inclusive, was completed in July, 1934. This standard was then 
submitted to the A.S.M.E. Standardization Committee and the 


for approval. 

Graphical Symbols, T. E. French, Chairman. The proposed 
American Standard for Graphical Symbols for drawings was approved 
by letter-ballot vote of the Sectional Committee on Drawings and 
Drafting-Room Practise completed in September, 1934. The 
S.P.E.E. took similar action on this proposal as on the standard for 
Drawings and Drafting-Room Practise. The A.S.M.E. is now taking 
action on this proposed standard. 

Screw Threads, R. E. Flanders, Chairman. The Subcommittee on 
Scope, Editing, and Arrangement held a meeting in December, 1933, 
and completed its work on a revision of the American Standard for 
Screw Threads originally approved and published in 1924. Proof 
copies of the proposed revision were sent to the members of the sec- 
tional committee for vote by letter ballot on approval in May, 
1934. This ballot was completed in September and the revised 
standard is now with the two sponsor bodies, the S.A.E. and the 
A.S.M.E., for approval and for subsequent transmission to the A.S.A. 
for approval. 

Wrought-Iron and Wrought-Steel Pipe and Tubing, H. H. Morgan, 
Chairman. A meeting of the Sectional Committee on Wrought- 
Iron and Wrought-Steel Pipe and Tubing was held in Washington in 
March, 1934, to consider a revised draft of the proposed American 
Tentative Standard for Wrought-Iron and Wrought-Steel Pipe. 
Further changes in the proposed standard were voted by the com- 
mittee at this meeting and the standard was ordered to letter-ballot 
vote of the members of the sectional committee. This ballot 
resulting in favorable recommendations, was completed in August so 
the two sponsor organizations, the A.S.T.M. and the A.S.M.E., are 
now taking action on the standard. 


(3) Revisep ProposaL BerorE SECTIONAL COMMITTEE 


Code for Pressure Piping, E. B. Ricketts, Chairman. A meeting 
of the Sectional Committee on a Code for Pressure Piping was held 
on December 6, 1933, to discuss the November, 1933, draft of the 
combined code, copies of which had been distributed to the members 
of the Committee in advance of the meeting. A revision of the code 
in line with actions taken at the December, 1933, meeting and written 
suggestions received subsequently was prepared by Chairman Rick- 
etts with the assistance of the Chairmen of the several subcommit- 
tees. This revised draft was mailed to the members of the Sectional 
Committee in July for final action by letter-ballot vote. 

Ammonia Flanges and Fittings, W. R. Kremer, Chairman. The 
proposed American Standard for Ammonia Flanged Fittings and 
Companion Flanges is now before the members of the Sectional 
Committee on Standardization of Pipe Flanges and Fittings for vote 
on approval by letter ballot. 

Adjusted Pressure Ratings, A. M. Houser, Chairman of Subcom- 
mittee No. 4 on Materials and Stresses called an open meeting of his 
committee on December 7, 1933, for the purpose of reconciling con- 
flicting opinions of the steam and oil groups on the proposed series of 
adjusted pressure ratings for steel fittings when used at temperatures 
other than the rated temperature of 750 F which had been prepared 
by the Subcommittee No. 3. 
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Following a lengthy discussion a single set of ratings for oil and 
steam for temperatures from 100 F to 750 F by 50-deg increments and 
a series of steam ratings for temperatures at 800 and 850 F were 
agreed upon. A subgroup was appointed consisting of three repre- 
sentatives of the oil interests to develop pressure-temperature ratings 
above 750 F for use in the oil industry. This subgroup made its 
report in May, 1934, and Subcommittee No. 4 made its report on a 
complete series of oil and steam ratings to the Sectional Committee 
on the Standardization of Pipe Flanges and Fittings for approval in 
August. The tables of adjusted pressure ratings are to be published 
as a supplement to the American Standard for Steel Flanged Fittings 
and Companion Flanges (B16e—1932). 
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(4) Review or COMMENTS BY SUBCOMMITTEE 


Socket Type Set and Cap Screws, H. Koester, Chairman. In prepar- 
ing a revision of the proposed American Standard for Socket Type 
Set and Cap Screws the committee was divided in its opinion on two 
items, cap-screw fillets and wrench lengths. A survey was conducted, 
accordingly, among some 125 of the large cap-screw users in April, 
1934. The returns of this canvass are now being considered by 
Subcommittee No. 9 and it is expected that the final draft will be 
released by the Subcommittee to the Sectional Committee on the 
Standardization of Bolt, Nut, and Rivet Proportions for approval in 
the early fall. 

Cast-Iron Soil Pipe and Fittings, J. J. Crotty, Chairman. A two- 
day meeting of Subcommittee No. 8 on Cast-Iron Soil Pipe and 
Fittings of the Sectional Committee on Plumbing Equipment was 
held in January, 1934. The committee made a thorough review of 
the large number of letters of comment which had been received as a 
result of the distribution of approximately 300 copies of the October, 
1933, draft of the proposed American Standard for Cast-Iron Soil 
Pipe and Fittings. Certain modifications and additions to the 
standard were agreed upon at this meeting and a revised final draft 
is now in the course of preparation by the committee. Copies of this 
draft are to be sent to the members of the sectional committee for 
vote on approval by letter ballot and subsequent transmission to the 
A.S.S.E. and the A.S.M.E. sponsor organizations for approval. 

Steel Welding Neck Flanges, L. D. Burritt, Acting Chairman. The 
Subgroup on Welding Neck Flanges met during the 1933 Annual 
Meeting Week. At this meeting the comments received on the 
circularization of the proposed American Standard for Steel Welding 
Neck Flanges in June, 1933, were reviewed and certain changes 
recommended. A revision of the proposed standard is now prac- 
tically completed but there are several points still to be settled by the 
Subgroup. The next step in the development of this standard calls 
for approval by the Sectional Committee on the Standardization of 
Pipe Flanges and Fittings. It is proposed that this standard will 
form part of the American Standard for Steel Flanged Fittings and 
Companion Flanges (B16e—1932). 

Speeds of Machinery, A. E. Hall, Chairman. A subgroup was 
appointed by Chairman Hall in May, 1934, to study the comments 
received from industry on the distribution of copies of the proposed 
American Standard for Machine Speeds in May, 1933. Itis expected 
that the subgroup will meet in the early fall to complete the task 
assigned to it. 


oF TENTATIVE PrRopOsAL TO INDUSTRY FOR 
CRITICISM AND COMMENT 


Cut and Ground Thread Taps, C. M. Pond, Chairman. A proposed 
revision of the American Standard for Cut and Ground Thread Taps 
approved and published in April, 1930, has been prepared by Techni- 
cal Committee No. 12 and copies were distributed to industry by Mr. 
Pond in May, 1934. 

Circular Forming Tools and Holders, W. C. Mueller, Chairman. 
A questionnaire covering a proposed American Standard for circular 
and dovetail-forming tool blanks for automatic screw machines was 
distributed to 100 industrial concerns in November, 1933. The 
proposed standard is divided into two parts, one dealing with circular 
tool blanks and the other covering dovetail tools. The recommenda- 
tions of Technical Committee No. 10 eliminate 44 of the 50 circular 
tool blanks used on 82 models of automatic screw machines and make 
proportional reductions in the number of dovetail tool blanks. 

Plain Washers, C. W. Squier, Acting Chairman. A meeting of 
Subcommittee No. 1 on Plain Washers of the Sectional Committee on 
Plain and Lock Washers was held in New York on April 20, 1934. A 
revision of the proposal for an American Standard distributed to the 
committee in October, 1932, was considered at this meeting. The 
proposed standard includes series of dimensions for cast-iron, cast- 
steel, and malleable-iron washers, riveting washers, washers for use 
under the standard wrench head bolts, nuts, and washers for timber 
construction. A further revised draft based on recommendations 
made by the members of the committee at its April meeting is now 


(5) DiIstTRIBUTION 
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being prepared, copies of which will be sent to industry for criticism 
and comment. 


(6) DEVELOPMENT OF PROPOSAL BY SUBCOMMITTEE 


Classification and Designation of Surface Qualities, C. G. Mettler, 
Chairman. Subcommittee No. 1 on Standardization of Surfaces 
Produced by Tools and Abrasives, J. Cetrule, Chairman, held its 
organization meeting in October, 1933. Two subgroups were ap- 
pointed, one on Surfaces Produced by Abrasives, and the other on 
Surfaces Produced by Tools. Both subgroups held meetings during 
the following December and discussed their programs of activity and 
the method of dealing with them. 

The organization meeting of Subcommittee No. 2 on Standardiza- 
tion of Surfaces produced by Mold, Die, Rolls, or any other Means of 
Deforming Materials, E. F. Cone, Chairman, was held in October, 
1933. At this meeting the organization of two subgroups was author- 
ized, i.e., Subgroup No. 1 on Castings, and Subgroup No. 2 on Sur- 
faces Produced by Rolls, Drawings, and Forging. A meeting of 
Subgroup No. 2 was held in December, 1933. 

Subcommittee No. 50n Ways, Means, and Apparatus for Measuring 
Quality of Surface, J. R. Weaver, Chairman, met in December, 1933. 
A tentative program for developing the committee’s work was 
prepared and distributed to the members of the subcommittee in 
May, 1934. A revised report on the ‘‘Classification and Designation 
of Surface Quality’’ by Prof. F. A. Firestone is also before the com- 
mittee. 

Pressure and Vacuum Gages, M. D. Engle, Chairman. Subcom- 
mittee No. 3 on Gage Sizes and Mounting Dimensions, H. B. Rey- 
nolds, Chairman, and Subcommittee No. 4 on Accuracy and Test 
Methods, O. J. Hodge, Chairman, held meetings on June 4 and May 
17, respectively. A considerable amount of progress was made by 
both subcommittees toward the completion of tentative drafts of 
their parts of this proposed standard. Subcommittee No. 2 on 
Definitions, C. F. Schwep, Chairman, completed a thorough study of 
the 120 replies received from industry on the distribution in May, 
1933, of its report covering definitions, specifications, and rules for 
installation of pressure and vacuum gages. As a result a 35-page 
“Report on Replies to Proposal Distributed to Industry” was pre- 
pared and copies sent to the members of the subcommittee by Secre- 
tary Huntress in February, 1934. This report analyzes every item 
which had been criticized, giving all criticisms in abbreviated form 
and at the end of each group of comments a proposal for revision was 
submitted. 

Tolerance Systems, R. E. W. Harrison, Chairman. In December, 
1933, the Subcommittee on Tolerance Systems met in New York. 
This Subcommittee has been assigned the task of*preparing a pro- 
posal for a revision of the American Tentative Standard for Toler- 
ances, Allowances, and Gages for Metal Fits published in 1925. A 
proposed series of fits in the shaft basic system is being drafted by the 
Subcommittee. The Committee also has under consideration the 
proposed international standard system of fits developed by a Com- 
mittee of the International Standard Association. 

Code on Preferred Practise in Graphic Presentation, A. H. Richard- 
son, Chairman. Subcommittee No. 3 on a Code for Preferred Prac- 
tise in Graphic Presentation held a meeting in New York in October, 
1933, at which a draft of a code was discussed. This tentative draft 
is being refined and the committee plans to distribute in the near 
future copies of the revised draft to a selected list for criticism and 
comment. 

Engineering and Scientific Graphs, W. A. Shewhart, Chairman. 
At its meeting in April, 1934, Subcommittee No. 4 on Engineering and 
Scientific Graphs appointed three subgroups to develop the several! 
parts of the project (1) to deal with pictorial representation of data, 
(2) to develop nomenclature to be used in describing the shapes of 
different types of curves, and (3) to prepare a brochure on ‘‘Engineer- 
ing and Scientific Charts for Publication.” 

Subgroup No. 3, H. F. Dodge, Chairman, met on July 5 and again 
on September 12. Good progress is being made in the gathering of 
material preliminary to the preparation of the first draft of the 
brochure. 

Punch Press Tools, Delos M. Palmer, Chairman. A reorganization 
of Technical Committee No. 9 on Punch and Die Sets (now Punch 
Press Tools) was completed during the year and a meeting of the 
reorganized committee was held in Detroit in May, 1934, at which a 
completely revised draft of the committee’s proposal was prepared. 

Milling Machine Tables, G. A. Bouvier, Chairman. Technical 
Committee No. 15 has in an advanced stage of development a draft of 
a proposed standard which includes sizes and center distances for T- 
Slots of milling-machine tables varying in widths from 3 to 32 in. and 
nomenclature for various types of milling-machine tables. 

Single Point Cutting Tools, F. H. Colvin, Chairman. At the 
December, 1933, meeting of the Sectional Committee on the Stand- 
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ardization of Small Tools and Machine Tool Elements the organiza- 
tion of a new Technical Committee No. 19 was authorized on Single 
Point Cutting Tools and F. H. Colvin was named as its Chairman. 

Traps, A. R. McGonegal, Chairman. A meeting of Subcommittee 
No. 5 on Traps was held in New York on Oct. 19, 1933. A tentative 
proposal for an American Standard for Traps was considered and cer- 
tain revisions recommended. In September, 1934, the subcommittee 
released the revised draft of the proposed standard for distribution 
to industry for criticism and comment. 

Gasoline, Oil, and Grease Separators, J. J. Crotty, Chairman. On 
the recommendation of Subcommittee No. 5 on Traps at its meeting 
held in October, 1933, new Subcommittee No. 9 on Gasoline, Oil, and 
Grease Separators was organized during the early part of the year 
under the sponsorship for plumbing equipment. The first meeting 
of the subcommittee was held on March 20, 1934, and a second meet- 
ing took place on June 28, 1934, at which good progress was made to- 
ward the development of a proposed standard for gasoline, oil, and 
grease separators. 


Respectfully submitted, 
BuckincHam, Chairman 
CLARENCE W. SPICER 
Louis A. CorRNELIUS 


ALFRED IDDLES 
WALTER SAMANS. 


POWER TEST CODES 


Within the fiscal year 1933-1934 one new test code and five sections 
of Instruments and Apparatus were completed and approved by the 
Council, and one code was revised. A more detailed statement 
covering this activity will be given in the paragraphs that follow. 


Irems or GENERAL INTEREST 

Among the items of general interest which engaged the attention of 
the Power Test Codes Committee during the year was the interna- 
tional activity leading to the standardization of the shape, dimen- 
sions, and procedure in the use of the flow nozzle and thin-plate 
orifice to measure fluid flow. It will be recalled that in the commit- 
tee’s report last year it was stated that Committee No. 30 of the 
International Standards Association had in July, 1933, submitted to 
the member countries of the Association a proposed draft of such a 
standard for the measurement of flow. This draft was translated into 
English from the original French by a member of the main committee 
and was broadly distributed for criticism and comment in the United 
States. The discussion of this subject at the October, 1933, meeting 
led to the organization of a special subcommittee of Instruments and 
Apparatus, No. 19, consisting of W. A. Carter, chairman (The De- 


- troit Edison Company), H. 8S. Bean (Physicist, National Bureau of 


Standards), S. A. Moss (General Electric Company), R. J. S. Pigott 
(Gulf Research and Development Corporation), and R. B. Smith 
(Westinghouse Electric & Manufacturing Company). 

The main committee in authorizing the appointment of this sub- 
committee set up its threefold purpose as follows: 


(1) To review the I.S.A. proposed standard prepared by I.S.A. 
Committee No. 30 on the Measurement of Fluid Flow and to formu- 
late the A.S.M.E. criticisms and comments for transmission to the 
LS.A. through the A.S.A.; 

(2) To propose a basis for the opinion which the U. S. National 
Committee of the I.E.C. is called on to form relative to the I.S.A. 


- proposal for communication to I.E.C. Advisory Committee No. 5 on 


Steam Turbines. These comments will, of course, be submitted for 
approval, revision, or amplification by the Special Committee on 
Steam Turbines reporting to the U. S. National Committee of the 
1.E.C.; and 

(3) To make recommendations to the A.S.M.E. Power Test Codes 
Committee covering apparatus and procedures for flow measurement 
with flow nozzles in general for use in the several power test codes of 
the A.S.M.E. in which such measurements are necessary. 


This committee held:a two-day meeting at Lynn, Mass., in January, 
1934, and prepared comments on the flow-nozzle sections of the I.S.A. 
proposal which were approved by the members of the Power Test 
Codes Committee and submitted to the American Standards Associa- 


_ tion for transmission to I.8.A. Committee No. 30 on the Measurement 


of Fluid Flow for discussion at its meeting which was held in Stock- 
holm on September 14 and 15. 

The subcommittee lcoked with favor on the use of the proposed 
I.8.A. nozzle for measurement of flow in pipes over a wide range of 
Reynolds numbers. It suggested, however, certain changes in the 
tolerances for the coefficients, made some direct inquiries of I.S.A. 
Committee No. 30, and asked for a delay in the adoption of the final 


report until the proposed experimental investigation at the National 
Bureau of Standards on the long radius nozzle was completed. 

Under the auspices of the A.S.M.E. Special Research Committee on 
Fluid Meters an effort is being made to raise funds to cover the costs 
of this research. The Bureau has indicated its willingness to permit 
H. S. Bean to devote a good part of his time to this investigation if 
funds to cover the other expenses are raised. 

Comments on the orifice sections of the I.S.A. proposal were pre- 
pared with the cooperation of the Joint A.G.A.-A.S.M.E. Committee 
on Orifice Coefficients and likewise were approved by the Power Test 
Codes Committee and transmitted to 1.S.A. Committee No. 30. 

As a direct result of this activity, arrangements were made for Mr. 
Carter to attend the Stockholm meeting of the I.S.A. Committee No. 
30 to represent the American Standards Association and the A.S.M.E. 
Power Test Codes Committee. 


CoMMITTEE PROGRESS 

Within the year Committee No. 10 on Centrifugal and Turbo- 
Compressors and Blowers, A. T. Brown, Chairman, completed the 
new Test Code for Compressors and Exhausters and on May 29, 1934, 
it was approved and adopted by the Council as a standard practise of 
the Society. 

The subcommittee on Fans of Committee No. 10, Prof. M. C. 
Stuart, chairman, is proceeding with the development of the Test 
Code for Fans in accordance with a program which requires that 
items shall be incorporated in the code only as a result of definite 
research findings. Ultimately the committee hopes to cover the 
following items: 


(1) Determination of nature, extent, and cause of errors in the 
present code, and elimination of these errors if necessary and possible. 

(2) Development of a new type of instrument to measure accu- 
rately the pulsations in both static and velocity pressure, and further, 
to determine the cause of these pulsations. 

(3) Comparative tests of pitot-tube traverse and nozzle tests, 
causes of discrepancies, and remedies. 

(4) Comparative tests of geometrically similar fans of different 
sizes. 

(5) Tests on variations of results between test conditions and 
installation conditions. 

(6) Study of pitot-tube traverse over entire duct section. 

(7) Study of nozzles made up of conical sections, as compared with 
nozzles having the usual rounded entrance. 


Investigations upon several of these items are under way at Lehigh 
University, under the direction of the Chairman; at Harvard Uni- 
versity, under the direction of Dr. Lionel S. Marks; and in the labora- 
tories of several of the fan manufacturers. 

The accuracy and serviceability of the final code will be established 
by practical demonstrations with various types of fans and installa- 
tions. 

Additions to the personnel of Committee No. 10 were made by the 
appointments of the following: 

Paul Hoffman, chief engineer, the Ingersoll-Rand Company: A. L. 
Kimball, engineer, the General Electric Company, and Dr. Lionel 8S. 
Marks, Professor of Mechanical Engineering, Harvard University. 

Notice that Committee No. 5 had recently completed the second 
revision of the Test Code for Reciprocating Steam Engines was 
published in the March, 1934, issue of Mechanical Engineering. 
Since the April meeting of the Power Test Codes Committee, Prof. 
A. G. Christie, chairman of Committee No. 5, submitted the final, 
revised draft of this third edition of the test code. In order that there 
may be as little delay as possible in the republication of the code, 
final approval by the main committee was secured by letter ballot. 

During the past year Committee No. 6 on Steam Turbines, Prof. 
C. H. Berry, chairman, has been carrying on its business by corre- 
spondence. Copies of a record of the actions taken at the January, 
1933, meeting of the committee, together with a large volume of 
discussion of the proposed draft of the revised Test Code for Steam 
Turbines, amounting to 100 mimeograph pages, were distributed to 
the members of the Committee for consideration and further dis- 
cussion. I. E. Moultrop, a member of the committee, had gener- 
ously arranged for the duplication of this material. 

Committee No. 9 on Displacement Compressors and Blowers, 
Paul Diserens, chairman, reports that the Technical Committee of 
the Compressed Air Institute has discussed with him the question of 
revising the A.S.M.E. Test Code for Displacement Compressors and 
Blowers in certain particulars. Certain other suggestions from the 
British Compressed Air Society are also under consideration. For 
the purpose of bringing about closer cooperation between Committee 
No. 9 and the Compressed Air Institute, an additional appointment 


was made to the personnel of the committee in the person of R. M. 


Johnson, engineer of tests of the Ingersoll-Rand Company. ~ 
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Committee No. 11 on Complete Steam Power Plants, F. M. Van 

_ Deventer, chairman, when it met in New York, studied a large 
number of operating report sheets of representative power stations 
which had been gathered together by H. S. Whiton. Mr. Van 

Deventer also presented a tentative draft of the proposed code and 

after study and discussion it was agreed that this draft conformed in 

general with the desires of the Power Test Codes Committee. D.S. 

Wegg, a member of the committee, is working with the chairman in 

the further development of this draft and it is intended to have it in 

form for further consideration by Committee No. 11 in the near 
future. 

For some time Committee No. 12 on Condensers, Water-Heating, 
- and Cooling Equipment, Geo. A. Orrok, chairman, has realized the 
- need of increasing its personnel in order that the interests of the 
- manufacturers and users of steam condensers and condensing equip- 
_ ment would be more fully represented. As an additional representa- 

tive of the manufacturing interests, J. F. Grace, condenser engineer 

of the Worthington Pump & Machinery Corporation, was appointed 

a member of Committee No. 12. 

During the year the committee was able to complete the proposed 
revision of the Test Code for Steam Condensing Apparatus. A 
considerable amount of work was done on the development of a suit- 
able method for determining the cleanliness factor of a condenser tube 
which is to be incorporated in revised code. 

Committee No. 18 on Hydraulic Prime Movers, Ely C. Hutchinson, 

_ chairman, held a one-day meeting in New York in December, 1933, 
and has subsequently revised the preliminary draft of the proposed 
revision of the Test Code for Hydraulic Prime Movers. This code is 
being developed in such form that it may be included in toto as part 
of any contract between buyer and seller, covering the construction, 
installation, and test of hydraulic prime movers. 

The work completed by Committee No. 19 on Instruments and 
_ Apparatus during the year just closed includes the following five 
- sections which were approved for publication, namely: Chapter 2 on 

Static and Total Pressure, Static Holes and Tubes, Impact Tubes, 

and Chapter 3 on Pipes for Pressure Measurement of Part 2, Pressure 

Measurement; Part 10 on Flue and Exhaust Gas Analyses; Part 14 

on Linear Measurement; and Part 20 on Smoke-Density Determina- 

‘a Part 6, Electrical Measurements, was published in March, 
1934. 

- _[In addition to the above, Committee No. 19 has prepared tentative 
drafts of (a) Chapter 2 on Radiation Pyrometers of Part 3, Tempera- 
ture Measurement and (6) Part 15 on Measurement of Surface 
Areas which were reported in the December, 1933, issue of Mechanical 
Engineering, and (c) good progress was made toward the completion 
of Chapter 4 on Bourdon, Bellows, Diaphragm and Deadweight 
Gages of Part 2, Pressure Measurement. 

Committee No. 20 on Speed-Responsive Governors, Francis 
Hodgkinson, chairman, has been giving consideration to a proposal 
that the Test Code for Speed-Responsive Governors should be ampli- 
fied to include all types of regulating devices, such as those dealing 
with pressure and temperature. In this connection a canvass was 
made of the Committees on Reciprocating Steam Engines, Steam 
Turbines, Internal-Combustion Engines, and Hydraulic Prime 
Movers to ascertain the desirability of increasing the scope of the 
Test Code for Speed-Responsive Governors to include (1) tests of 
pressure- and temperature-responsive devices, and (2) tests of 
emergency governor operation including safety stop mechanisms. 
In discussing the results of the canvass the opinion was expressed that 
the scope of the code be increased to include the regulation of energy 
to prime movers responsive to pressure. 

At the October, 1933, meeting of the Power Test Codes Committee 
attention was called to the need for the organization of a new indi- 
vidual committee to develop standard rules for the testing of appa- 
ratus designed to eliminate solid matter from flue gases. This 
opinion was supported by a communication from Ely C. Hutchinson 
in his capacity as chairman of the Pure Air Committee. 

When the Power Test Codes Committee met again on April 2, this 
situation was discussed further and it was the consensus of opinion 
that the time had arrived for the immediate organization of a 
committee to be known as P.T.C. Individual Committee No. 21 on 
Dust Separating Apparatus. The Council of the Society gave its 
approval to this recommendation on July 1. 

Obviously, such tests would include a determination of (a) the 
amount of solid matter in the gas as it approaches the apparatus, 
(b) the amount of solid matter in the gas as it leaves the apparatus, 
and (c) quantities from which the mechanical or electrical efficiency 
of the apparatus can be determined. 

In developing the personnel of this committee consideration is 
being given to all the industries having use for apparatus for the 
extraction of solid matter such as the chemical, metallurgical, steam 
power, industrial, etc. 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


As a matter of record it should be stated that the following com- 
mittees held regularly called meetings during the past twelve months: 
Power Test Codes Committee, three meetings—October, December, 
and April; Committee No. 10 on Centrifugal and Turbo-Compressors 
and Blowers; Committee No. 10 Subcommittee on Fans; Committee 
No. 11 on Complete Steam Power Plants; Committee No. 12 on 
Condensers, Water-Heating, and Cooling Equipment; Committee 
No. 19 on Hydraulic Prime Movers; and Subcommittee on Flow 
Nozzles of Committee No. 19 on Instruments and Apparatus. 


INTpERSOCIETY ACTIVITY 


Through the Power Test Codes Committee the Society is cooper- 
ating with the American Society of Refrigerating Engineers in the 
matter of redefining the so-called standard ton of refrigeration. G. B. 
Bright, member of P.T.C. Committee No. 13 on Refrigerating Sys- 
tems, has been appointed the A.S.M.E. representative on the recently 
organized A.S.R.E. Committee. 

On March 7 and June 27 informal conferences were called by the 
American Society for Testing Materials in Washington and New 
York, respectively, to consider the advisability of organizing an 
A.S.T.M. committee on gaseous fuels, which committee would be 
concerned with the standardization of methods of tests and analysis, 
formulation of definitions of terms, and possibly specifications for 
gaseous fuel. The relation of this proposal to the activities of Com- 
mittee No. 3 on Fuels, W. J. Wohlenberg, chairman, was discussed at 
the April 2 meeting of the main Committee. It will be recalled that 
Committee No. 3 has nearly completed its Test Code for Gaseous 
Fuels. 

The interests of the Power Test Codes Committee and Committee 
No. 3 on Fuels were represented at these conferences by Dr. Hood, 
member of the main committee, who informed the conference that for 
several years Committee No. 3 has been at work developing a Test 
Code for Gaseous Fuels. He gave assurance also that this Com- 
mittee will be glad to cooperate with the A.S.T.M. should it decide to 
enter this field. 

The net outcome of these conferences was the recommendation to 
the A.S.T.M. that a standing committee on gaseous fuels be appointed 
with a balanced representation between producer, consumer, and 
general interests. Certain limitations on the project were proposed. 
There was a general appreciation of the magnitude of the task and a 
feeling that under the present economic conditions considerable time 
would elapse before one could expect any results. 

There has been considerable correspondence within the year with 
the American Society of Heating and Ventilating Engineers Com- 
mittee on Nomenclature concerning the adoption of a standard 
abbreviation for a commercial unit of heat quantitv. During the 
years 1929 to 1931, inclusive, P.T.C. Committee No. 2 on Definitions 
and Values made a thorough study of this subject at the request of 
Committee No. 4 on Stationary Steam-Generating Units. Its report 
now constitutes a section of the Code on Definitions and Values and 
calls for the use of the abbreviation ‘‘kB’’ for 1000 Btu and ‘mB”’ 
for 1,000,000 Btu. These abbreviations for the boiler unit of evapo- 
ration have been accepted by the users of the Power Test Codes. 

The A.S.H.&V.E. Committee on Nomenclature, however, has 
made a formal request to the American Standards Association for the 
adoption of: 

(1) A new unit of heat quantity; to be equivalent to 1000 Btu, the 
symbol for which to be ‘*Mb.”’ 

(2) A new unit of heat flow rate; to be equivalent to 1000 Btu per 
hour, the symbol for which to be ‘‘Mbh.”’ 

(3) A new unit of heat-transmitting area; that area which gives off 
a steady flow of 1000 Btu per hour due to a temperature difference 
between its opposite sides under conditions to be stated. 


INTERNATIONAL COOPERATION 


Through membership in the U. 8. National Committee of the 
International Electrotechnical Commission, the Society, and for it the 
Power Test Codes Committee, has been engaged in assisting to bring 
about international agreement on acceptance tests for steam turbines 
and internal-combustion engines. The Secretariat for the I.E.C. 
Advisory Committee on Steam Turbines, Internal-Combustion En- 
gines, and Hydraulic Turbines is held by the United States National 
Committee of the I.E.C. The Society was represented this year on 
this committee by Harvey N. Davis, Francis Hodgkinson, and Ely C. 
Hutchinson, with C. Harold Berry and Paul Diserens serving as 
alternates. 

Because of the unsettled economic conditions throughout the world, 
it was deemed advisable to postpone indefinitely the meeting of I.E.C. 
Committee No. 19 on Internal-Combustion Engines which it had 
been hoped would be held in the United States in September, 1934. 
While an attempt will be made to carry on the program of the Com- 
mittee by correspondence until a meeting can again be scheduled, it is 
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recognized that the work has reached a point where little more can be 
accomplished without an international meeting. 

Concerning the international rules for the testing of steam tur- 
bines, it must be recorded that the work of I.E.C. Advisory Com- 
mittee No. 5on Steam Turbines reached its present stage some time 
ago and that the next step in advance can be made only at an inter- 
national meeting. 


Respectfully submitted, 
Frep R. Low, Chairman 

C. Haroup Berry Georce A. Horne © 
ALBERT T. BROWN C. HutTcuInson 
ALEXANDERG. Curistig DavipS. Jacospus 
HarTE CooKkE Lewis Moopy 
Hans DAHLSTRAND Henry B. OaTLey 
Pau. DISERENS Geo. A. OrROK 
Louis Evuiorr REGINALD J. S. Picorr 
Ropert H. FerNatp Herpert B. REYNOLDS 
Epwarops R. Fisu Epwin B. Ricketts 
C. F. Epwarp N. Trump 
FRANCIS HODGKINSON WILuiaM M. Wuite 
Ozn1t P. Hoop WALTER J. WOHLENBERG. 


PROFESSIONAL CONDUCT 


During the year the Committee on Professional Conduct has had 
few cases of unprofessional conduct for consideration. The Council 
dropped two members for conduct unbecoming to members. These 
actions were not taken, however, as violations of the Code of Ethics 
of the Society. The action taken by Council in this matter points to 
the need for clarification of our procedure of separating members 
from the Society. It is earnestly recommended that in the present 
work of the Committee on Policies and Budget looking to certain 
changes in our organization structure and constitution, this matter 
be given careful attention. 

In the report of this Committee presented in December, 1933, 
attention was called to the large activity in the formulation of trade 
and industrial codes to guide industrial reconstruction. The ac- 
tivity in the engineering profession leading to the formulation of a 
code for the Engineering Division of the Construction Industry 
seems to emphasize the fact that the time is particularly opportune 
for a reconsideration of the desirability of a joint code of ethics for all 
of the national engineering societies. Such a joint code was under 
consideration about thirteen years ago but was not adopted by all of 
the national societies. 

The Committee recommends that steps be taken to approach the 
other national societies in the preparation of a joint code in view of 
the fact that such a joint code would be timely and desirable in order 
to standardize rules governing the conduct of engineers. 

During the year Council authorized the appointment of a com- 
mittee to consider the preparation of a Manual of Practise the work 
of which is being carried on in close cooperation with the Committee 
on Professional Conduct. 


H.S. 
C. G. SPENCER Jas. H. Herron 
Epwarps R. Ear. F. Scorr. 


SAFETY 


The Standing Committee on Safety reports the following progress 
in the activities of the Society directed toward education in accident 
prevention. In all the Committee held five meetings during the 
year at which a full program of business was transacted. 

The committee’s first major activity had to do with the program for 
the Management Research session of the 1933 Annual Meeting of the 
Society. The committee had agreed to supply a paper at this session 
on the ‘Relation of Safety to Management.” Arrangements were 
finally made for John E. Long, superintendent of safety, Delaware 
and Hudson Railroad Corporation to present this paper. 

At the December 20 meeting of the Committee, careful thought was 
given to a statement of the policies and program for the Society’s 
part in the safety movement. The following five points of view were 
endorsed and entered in the minutes of that meeting: 


(1) Accident prevention is a problem of management and engi- 
neering, hence it is a vital part of our Society’s program of activities. 

(2) Instruction in the hazards of every job and in ways of avoiding 
accidents is an essential element of good management. 
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(3) It is of prime importance to base all accident-prevention work 
in any shop or industry on facts which will appeal to the intelligence — 
of the workers and the management. 

(4) The welfare of those engaged in industry is the first considera- 
tion. After that the savings which result from no-accident perform- — 
ance may be considered. 

(5) The A.S.M.E. Local Sections and Professional Divisions should 
be made aware of the importance of this movement and induced to 
lend their aid. 


Principally through the efforts of W. M. Graff, a member of the 
Committee, it was able to take a part in the arrangements for a series 
of six free lectures on occupation diseases, March | to April 5. These 
lectures were sponsored by the Committee on Public Health Relations 
of the New York Academy of Medicine and the New York Tubercu- 
losis and Health Association, in cooperation with the New York City 
Department of Health, the New York State Department of Health, 
the New York State Department of Labor, the National Bureau of © 
Casualty and Surety Underwriters, and the A.S.M.E. through the — 
Standing Committee on Safety. The lectures were held in the 
Engineering Societies Building. 

As this report is being written plans are being developed for the 
first Annual Meeting session which has been sponsored by the 
A.S.M.E. Safety Committee in some years. Its subject is to be 
“Engineering Aspects of the Prevention of Occupation Disease — 
Disability.’’ The session is to be given in the form of a symposium 
on this timely subject and five nationally known authorities on ‘he 
several phases of this theme have agreed to present papers and to lead 
the discussion on as many divisions of the subject. 

The Committee on the Elevat r Inspector’s Handbook has made 
good progress during the twelve rionths toward the final revision of 
the printer’s proofs of the text of this handbook. 

Owing largely to the present economic conditions, however, not 
much progress has been made during the year toward the completion 
of the three unfinished safety codes for which the Society is joint 
sponsor under the procedure of the American Standards Association. 


Respectfully submitted, 


T. A. Watsu, Jr., Chairman 
M. H. CurisTOPHERSON H. H. Jupson 
= W. M. Grarr H. L. Miner. 


The Boiler Code Committee submits the following repert for the 
fiscal year ending September 30, 1934, covering its activities other 
than its regular routine work. 

During this period the Committee held nine regular meetings and 
several executive committee meetings which were devoted to inter- 
pretations of the various sections of the Code and to the formulation 
of revisions and addenda thereto. 

For many years the pressure-vessel industry has felt the lack of 
adequate rules for computation of vessels subjected to external 
pressure such as vacuum tanks, the inner shells of jacketed vessels, 
and the like. There have been wide variations of practise in this field 
and rather unsatisfactory results have been experienced, as there have 
been collapses in certain instances and considerable uncertainty about 
operating conditions in others. Numerous questions have accord- 
ingly come to the A.S.M.E. Boiler Code Committee concerning the 
design and construction of vessels subject to collapsing pressure. 

About five years ago the Committee made a formal request to the 
Research Committee of the Society to undertake the preparation of | 
adequate formulas, either by general investigation or research, for the 
computation of this class of vessels. The Research Committee acted 
promptly on the request and selected a Special Research Committee 
on the Strength of Vessels Under External Pressure that undertook the 
investigation and studiously and carefully investigated this particular 
field. It was found that the existing data were very inadequate and 
considerable investigation would be necessary to check the existing 
formulas with actual construction. In the course of the work a large 
amount of experimental work was contributed by the U. S. Navy 
Department and certain interested manufacturers. 

Considerable time was required to interpret the data obtained into 
such form that it would be useful for Code purposes, but the special 
committee has finally succeeded in outlining rules which it is believed 
will result in safe construction of vessels subjected to external pres- 
sure. A masterful report was submitted to the Boiler Code Com- 
mittee and the rules recommended have been adopted as addenda to 


the Code for Unfired Pressure Vessels. 
The adoption by the Boiler Code Committee two years ago of rules 
for the design of flat heads has had the result of accentuating the lack be 
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of rules in the Code for the computation of bolting flanges applicable 
to cylinders, nozzles, and pipe connections. As a result, the duty of 
supplying this need was entrusted to the Subcommittee of the Boiler 
Code Committee on Special Design. This subcommittee has devoted 
a great deal of time and effort to a thorough investigation of this 
subject which has extended outside of the boiler and pressure-vessel 
field. Asa result of a report submitted by this Subcommittee early 
in the year, rules have been adopted by the Boiler Code Committee 
which cover comprehensively the entire subject of bolted flanged 
connections for application to cylindrical shells, nozzle necks, and all 
forms of pipe construction. The report of this Subcommittee was 
at the same time extended to cover the question of flat-head construc- 
tion and it has permitted rules to be adopted to cover broadly the 
computation of flat heads of all types, including welded and integral 
heads as well as those attached by bolting or riveting. The formula- 
tion of these rules was participated in by representatives of the 
Sectional Committee on Pipe Flanges and Fittings and of the Ameri- 
can Petroleum Institute. 

Numerous requests have been and are being received for considera- 
tion of new ferrous and non-ferrous alloy materials. As a result, the 
Subcommittee on Material Specifications made a study of several 
alloy materials and the Committee has adopted Specifications for High 
Tensile Strength Carbon Steel Plates for Pressure Vessels, Plates 
2 in. and under in thickness (A.S.T.M. Designation: A 149-33T); 
Specifications for High Tensile Strength Carbon Steel Plates for 
Fusion-Welded Pressure Vessels, Plates over 2 in. up to and including 
4 in. in thickness (A.S.T.M. Designation: A 150-33T); and Specifi- 
cations for C-M-S (Chrome-Manganese-Silicon) Alloy Steel Boiler 
Plates, for riveted or seamless construction. It has also rendered 
interpretations on the use of two high-strength copper alloys, a 
nickel steel, a stainless steel, and monel metal. As a result of the 
numerous requests for consideration of new materials, it was decided 
that consideration should be given to any such requests only after 
manufacturers of the special materials have supplied complete specifi- 
cations and data covering chemical and physical properties thereof, 
and manufacturers will be so advised when making application for 
permission to use new materials in the construction of Code vessels. 

A comprehensive study has been made of the requirements in the 
Boiler Code for pipe connections and fittings with a view to elimi- 
nating the direct reference to standard or extra-heavy fittings inas- 
much as the present American Standards no longer carry these 
designations. As a result revisions have been made in the Code to 
provide otherwise for strength requirements formerly expressed in 
terms of weight of pipe or fittings. 

The Boiler Code Committee has reviewed and presented comments 
on the tentative draft of the A.P.I.-A.S.M.E. Code for Unfired Pres- 
sure Vessels for Petroleum Liquids and Gases. This new code has 
been drafted by a joint committee of the American Petroleum Insti- 
tute and The American Society of Mechanical Engineers, and covers 
vessels which are exempted from the rules of the A.S.M.E. Code for 
Unfired Pressure Vessels by a provision contained in the Code. 

The first report of the Committee to Coordinate Marine Boiler 
Rules was made available in pamphlet form during the last fiscal 
year for comment and criticism. The Boiler Code Committee has 
been active in assisting this committee in the formulation of these 
new rules and has expressed its approval of the tentative draft and 
has also congratulated the Hon. D. N. Hoover on the successful 
results of his efforts in having a bill passed by Congress to enable the 
Bureau of Navigation and Steamboat Inspection to free itself of 
certain obsolete and incomplete rules that had many years ago been 
incorporated in laws bearing on marine construction. This has 
allowed the preparation of a new set of rules for boilers and pressure 
vessels, in which the Boiler Code Committee has cooperated actively. 
These new rules are up to date and represent the best practise. 

C. A. Adams, as representative of the Boiler Code Committee, has 
attended several meetings of the American Railway Association 
Tank Car Committee to present opinions as to the safety of fusion- 
welded tanks to be mounted on and to form parts of cars for use in the 
transportation of regulatory commodities. Data are being collected 
by this Association for presentation at a hearing to be held before al 
Interstate Commerce Commission when this matter is brought up. 


The Boiler Code Committee held its October, 1933, meeting at a 
time to enable the attendance of members of the National Board of 
Boiler and Pressure Vessel Inspectors who were holding their con- 
vention in New York City. The members of the National Board are 
also members of the Conference Committee of the Boiler Code Com- 
mittee and this meeting afforded many of them a splendid oppor- 
tunity to meet with the Boiler Code Committee, some for the first 


time, and to learn of its ordinary method of procedure. The mem- 
bers appeared to be appreciative of this opportunity and many im- 
portant questions of cooperative relationship with these state and 
municipal inspectors were worked out and adjusted. _< 


TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


In order to keep abreast of the progress being made in the develop- 
ment of pressure vessels and of the materials of which they are con- 
structed, the Committee has made numerous revisions and additions 
to the various sections of its Code. These changes are to a very great 
extent the result of suggestions from manufacturers, inspectors, 
users, and others. These revisions were formally adopted by the 
Council on August 2, 1934, and distributed in pink-colored addenda 
sheets. 

D. B. Rossheim, of the M. W. Kellogg Company, Jersey City, 
N. J., was appointed a member of the Subcommittee of the Boiler 
Code Committee on Special Design. 


Respectfully submitted, 


F. R. Low, Chairman 

D. S. Jacosus, Vice-Chairman 
C. W. Osert, Honorary Secretary 
H. E. ALpRICcH 

W.H. Borum 

R. E. 

F. Clark 

W. F. 

E. R. 

V. M. Frost 

C. E. Gorton 


A. M. GREENE, JR. 
F. B. 

J. O. Leecu 

M. F. Moore 

I. E. Mouttrop 

C. O. Myers 

H. B. Oatiey 
JAMES PARTINGTON 
C. L. Warwick 

A. C. WEIGEL 

H. LeRoy Wuitney. 


BOND ISSUE 


In June, 1933, the Council authorized the President to appoint a 
committee to canvass the possibility and work out the details for a 
bond issue to transfer its short-term to long-term indebtedness. 
This committee was organized during the fall and studied carefully 
the need for the issue and the best means for carrying it out. On 
March 21, 1934, the Council authorized the issuance and sale, only to 
members of the Society, of certificates of indebtedness of the aggre- 
gate par or face value of $125,000, paying four per cent. Ten per 
cent of the par value of the total issue is to be redeemed annually. 
Additional amounts may be redeemed if practical. 

At present, $37,050 has been subscribed and $36,450 has been paid 
in. Real-estate mortgages with face value of $48,750 are in the 
hands of Dexter S. Kimball, Roy V. Wright, and Erik Oberg as 
Trustees for the issue. 

The proceeds of the sale have been used to reduce the debt at the 
bank. 

Respectfully submitted, 


DextTeER 8S. KIMBALL, Chairman Joun H. LAWRENCE 
Doty ERIK OBERG 


W. A. HANLEY W.R. WesBsTER 
C. F. W. H. WINTERROWD. 


CAPITAL*GOODS INDUSTRIES 


The Capital-Goods Industries Committee reported briefly at the 
Annual Meeting in December, 1933, on an assay then under way. 
The study was completed and published in Mechanical Engineering 
for February, 1934. The Committee has kept in touch with other 
agencies that have been investigating in this same field, realizing 
keenly the difficulty of selecting a point of attack for the A.S.M.E. on 
so complex a situation as those surrounding the concerns making 
machinery and equipment. 

At the request of the Council the Committee prepared a response 
to a resolution of the Sections’ Delegates on unemployment and the 
Durable-Goods Industries. The Committee has initiated a study 
into the methods of functional job-analysis for engineers, and into the 
restrictions on the installation and use of manufacturing equipment 
in the Codes of fair practise. : 

Respectfully submitted, 


W. W. Macon 
L. W. W. Morrow. 


L. P. Atrorp, Chairman 
R. E. FLANDERS 


CITIZENSHIP MANUAL 


On Dec. 8, 1933, the Council authorized the appointment of a 
Committee to prepare a manual on citizenship, particularly for 
Junior and Student members. 

The Committee below was appointed and after determining its 
primary objectives requested Dr. Roy V. Wright to outline and write 4 
pamphlet similar to the lectures on Citizenship presented at the 
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for Professional Dev elopment is engaged in a program for the ad- 
vancement of the engineer as a professional man. Improvement in 
his professional, social, and economic status will undoubtedly result 
The personal problem is a relative problem and requires an aceite 


It is expected that the material which is in the final stage of prepa- 
ration will be ready for submission to the Society prior to the 1934 
Annual Meeting. 


Respectfully submitted, 


A. R. Cutumore, Chairman 
— LILLIAN M. GILBRETH H. WINTERROWD 
C. F. Hirsureip, Chairman 


Ror 


H. B. OaTLeyY 
H. L. WHITTEMORE 
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different attack. 


Respectfully submitted, oh 


W. E. WIcKENDEN 
ConraD N. LAUER 

J. W. HANEY 
E. F. Cuurcn, Jr. i 


MANUAL OF 


In the fall of 1933 during the discussions regarding the participa- 
tion by the Society in the various codes of professional practise that 
are being discussed and developed under the National Industrial 
Recovery Act various practises came to light that seem to be dele- 
terious to the status of the engineering profession. Accordingly a 
Committee was authorized to develop a program looking to a manual 
of professional practise. The questions that arise are involved 
somewhat with the Code of Ethics that are in the main outside of a 
strict interpretation of it. Many practises come under criticism from 
time to time and in the belief that the Society can clarify them by a 
frank discussion under the guidance of a suitable committee, this 
Committee was organized. 

Many of the members have misgivings as to the ability of the 
Society to be constructive in this matter. However, the importance 
of the problem seems to make it necessary to proceed and a start is 
being made. 

As the year draws to a close an analysis is being made of the codes 
of practise being issued by other professions and by other societies in 
engineering. It is expected that some report will be available for 
discussion at the time of the Annual Meeting. 

This Committee is operating in strict cooperation with the Com- 
mittee on Professional Conduct, the chairman of which is a member of 
this body. This Committee concurs in the view of the Committee on 
Professional Conduct that the time is rapidly approaching when a 


joint code of ethics for all engineering societies should again be given 


thorough consideration. 
Respectfully submitted, 


H. S. 
J. M. Topp 
B. F. Woon. 


W. A. SHoupy, Chairman 
ALFRED IDDLES 
Wynn MEREDITH 


ECONOMIC STATUS OF THE ENGINEER 


The economic status of the engineering profession is in a precarious 
condition. The lack of activity in the durable-goods industries has 
had its effect upon the employment of engineers and upon the salaries 
paid to them. The situation is quite different from that with which 
this Committee was formed to deal. The situation now requires 
unified action on the part of the entire profession. 

During the last two years the American Engineering Council and 
bodies allied with it have been instrumental in bringing some relief 
and aid to members of the engineering profession, particularly those in 
the construction industry. The stimulation of confidence is the first 
requisite toward paving the way to normal activities of the construc- 
tion industry, and helping secure legislation in this matter is well 
within the province of the American Engineering Council. 

It is therefore recommended that this Society place the situation 
with respect to the durable-goods industries strongly before the 
American Engineering Council with a recommendation that ag- 
gressive steps be taken to unify the point of view of the engineering 
profession in this matter and with a pledge of complete support 
on the part of the officers. the committees, and the staff of this 
Society. 

It is understood that the American Engineering Council is planning 
an investigation in conjunction with the Statistics Branch of the U.S. 
Department of Labor dealing especially with the effect of the past 
few years on the younger engineering graduates. This Society should 
strongly support such fact-finding investigation on which may be 
based a constructive program for developing a professional viewpoint 
and professional activity in the support of those qualified members of 
the profession who are now prevented from devoting their creative 
energies to engineering work. The Society should also cooperate 
with governmental bodies and others for the purpose of determining 
the actual facts with respect to so-called “technological unemploy- 
ment,” and its effect on our national economic life. 

As a result of the work of this Committee, the Engineers’ Council 


POLICIES AND BUDGET 


The first phase of the work of this Committee was completed in 
June, 1933, when a careful study of Society operation and finances 
was presented to the Council and a reduced budget based on it 
was adopted. 

The second phase, on which the Committee is now engaged, deals 
with the basic purposes, fundamental organization, and leadership of 
the Society. A new statement of Society purposes was presented to 
Council on July 2, 1934, and approved for inclusion in the By-Laws. 
A scheme of membership grades recommended by the Engineers’ 
Council for Professional Development and approved by this Com-_ 
mittee was also approved in principle for reference to the membership _ 
at the coming Annual Meeting. Five studies looking to a simplifica- — 
tion of committee organization have been initiated by Council on the 
suggestion of the Committee. Further matters are under considera- 
tion by the Committee for report to the members at the Annual 
Meeting. 


Respectfully submitted, 


Harry R. Westcott, Chairman 
L. P. ALForD 
B. M. BriGMAN A. L. 
H. M. Burke M. C. MAxwELL 
H. CARRIER ERIK OBERG 

C. JEwETT L. K. 
J. LAWRENCE W. H. WINTERROWD. 


R. G. Macy 


REGISTRATION OF ENGINEERS 7 


The Committee on Registration of Engineers again desires to call 
the attention of A.S.M.E. members to the engineering-license laws 
which have been enacted in various states. As mentioned in previous 
reports the Society does not feel that it is within its province to 
advocate to its members that they should apply for licenses as pro- 
fessional engineers. The individual must determine for himself 
whether his work is such that the law compels him to register as a © 
qualified engineer. Despite previous warnings from the Committee © 
many members have found themselves debarred from carrying out 
their professional duties because of non-compliance with the engi- 
neering registration act. 

It is not necessary that all A.S.M.E. members be registered engi- 
neers as many are engaged in states having no registration law or their 
duties are such as to preclude the necessity for registration. The 
penalties for non-registration in some states are severe and have been 
the source of considerable embarrassment to certain engineers. One 
consideration not to be overlooked by both employer and employee 
is the responsibility of the employer to have his engineering work 
carried out by a licensed engineer. The employer must safeguard his 
own interests as the resulting damages may fall upon him, and the 
engineer in the capacity of employee should afford his employer the 
protection which the law demands in those states where engineering 
registration acts are in force. 

Practically the only new development in registration during the 
past year has been the formation of a national society composed of the 
various state organizations previously formed. For some years there 
have been state societies of professional engineers, independent of the 
national engineering societies which devote themselves to the tech- 
nical phases of the profession. The societies of professional engineers 


devote their activities almost exclusively to the enactment and wee’ : 


forcement of engineering registration acts. 


Respectfully submitted, 


Joun H. Lawrence, Chairman C. F. HirsHreip 
Dexter S. Vireit M. PALMER 
Paut Doty James M. Topp. 
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TRANSACTIONS OF THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 


Joint Activities 


Reports for the year 1933-1934 were also presented to the 
Council by representatives of the Society on a number of joint 
activities. Reference to some of these will be found in the 
Report of the Council and others are presented or summarized 
in the following pages. 


AMERICAN ASSOCIATION FOR THE ADVANCEMENT 
OF SCIENCE 


SECTION M, ENGINEERING 


During the period between Oct. 1, 1933, and Sept. 30, 1934, The 
American Society of Mechanical Engineers participated actively in 
the conduct of meetings of Section M, Engineering, of the American 
Association for the Advancement of Science. The winter meeting 
of the A.A.A.S. was held at Cambridge, Mass., Dec. 27, 1933, to Jan. 
2, 1934. The engineering part of the program consisted of an 
address by the Hon. Henry A. Wallace, Secretary of Agriculture, on 
‘“‘What Can Engineers Do for Agriculture,’ and a joint session on 
“The Engineer and the Farm Problem” in which Sections on Agri- 
culture and the Social and Economic Sciences cooperated. The 
address by Mr. Wallace; a paper on ‘‘Raising the Farm Standard 
of Living,” by Ralph E. Flanders; and an extract of the paper by 
Hugh P. Baker on “The Engineer and Land Use in New England,”’ 
appeared in Mechanical Engineering. Dr. Dugald C. Jackson, re- 
tiring Chairman of Section M, presented his classic address on the 
subject ‘‘The Origin of Engineering.” 

The summer meeting of Section M was held at Berkeley, Calif. 
The A.S.M.E. contributed discussion on the program for the session 
which consisted of a joint meeting under the auspices of the Aero- 
nautics and Hydraulics Divisions with sessions on applied mechanics 
and miscellaneous hydraulic and aeronautic subjects. 

The winter meeting of Section M will be held during the period from 
Dec. 27, 1934, to Jan. 2, 1935, at Pittsburgh, Pa. 


Respectfully submitted, 


EARLE 


Wa. F. Durnanp A.S.M.E. Representatives. 


AMERICAN BUREAU OF WELDING 


As A.S.M.E. representative to the American Bureau of Welding, 
I attended their last annual meeting and listened with much interest 
and benefit to the reports of their standing committees. 

In connection with our Boiler Code work, we have had no special 
items for joint investigation during the last year and only routine 
matters have been covered. 

Our contact with the American Bureau of Welding still remains 
most intimate and entirely satisfactory. 

In this year’s program of the Bureau, there is one problem under 
proposed new work; i.e., investigation of ductility in welded steel. 
A committee on this subject will probably be appointed and the 
report of this committee, when issued, will be of special interest to 
the Boiler Code Committee. 


Respectfully submitted, 


JAMES PaRTINGTON, A.S.M.E. Representative. 


fT AMERICAN ENGINEERING COUNCIL 


Since its last report to The American Society of Mechanical 
Engineers, the American Engineering Council has put in one of the 


busiest and most useful years of its existence. Its relations with 
governmental agencies were never more cordial and its opportunities 
for service both to the public and to the engineering profession it 
represents, have increased day by day, in spite of the handicap of 
carrying on under a greatly diminished budget and the attendant 
reduction in staff and facilities. 

The American Engineering Council held its annual meeting in 
Washington, Jan. 11 and 12, 1934. New officers were elected so 
that the Council initiated its activities for the year under the guidance 
of J. F. Coleman, president, C. O. Bickelhaupt, A. J. Hammond, 
W. H. Woodbury and Colonel Paul Doty, vice-presidents, and C. E. 
Stephens, treasurer. 

_ Frederick M. Feiker was selected executive secretary to succeed 


L. W. Wallace, who after thirteen years of service, had presented 
his resignation in October, 1933, to take effect as of Jan. 15, 1934. 

Among the more important actions taken by the Council were the 
following: 

(1) Opposition to the transfer of the Coast and Geodetic Survey 
from the Department of Commerce to the Navy Department. 

(2) A reiteration of the position that there should be established 
as soon as practicable within the Federal Government a bureau of 
surveys and maps, in which would be concentrated the surveying 
and mapping agencies of the Federal Government. 

(3) Authorization of a letter to President Roosevelt which would 
direct his attention to: (a) The Council’s previously announced 
belief that it is contrary to sound public policy for the Federal 
Government to provide public funds with which to construct or 
provide facilities that duplicate or destructively compete with 
enterprises, public or private, which are rendering adequate service 
at reasonable cost to the consumer; (b) to the fact that the Council 
had at an earlier date urged the Federal Emergency Administration 
of Public Works, as a means of restoring confidence to the investing 
public, to announce as sound public policy that public loans would 
not be made to finance unnecessary competitive services. 

(4) Voted to cooperate with the American Institute of Consulting 
Engineers in securing modification of the civil-liabilities clause of 
the Securities Act of 1933. 

(5) Empowered the executive committee to do what it could to 
correct the unfortunate conditions confronted in some quarters by 
engineers seeking employment, such as the necessity of obtaining 
political endorsement, the inequities in the wage scale existing among 
engineers and skilled labor engaged on the same project, the letting 
down of civil-service restrictions, ete. 

At the close of the meeting a testimonial was presented to Mr. 
Wallace, the retiring executive secretary, in the form of letters from 
past and present members of the Assembly and past and present 
officers of the Council, expressing appreciation of the service he had 
rendered and the splendid accomplishment of the Council during 
his term as executive officer. 

One of the heartening things of the meeting was the presentation 
of a Resolution to the Council by Col. Paul Doty, President of The 
American Society of Mechanical Engineers, which put the Society 
on record as being whole-heartedly in sympathy with the purposes 
of the American Engineering Council and expressing regret at being 
financially unable to support it to the full extent the Society would 
wish. 

Routine matters were acted upon, including the adoption of a 
Budget for 1934 which the executive committee was authorized to 
amend, should a change in the financial prospects of the Council 
warrant it. 

Following the Annual Meeting of the Council, the newly appointed 
executive secretary immediately turned his attention to ways and 
means of keeping before the member-organizations of the Council 
its purpose and activities. To this end he spent several days in 
New York, during which time he attended meetings of the Founder 
Societies which are members of Council and visited many individuals 
who had been strong friends of the movement from the beginning. 
These meetings resulted in giving a fresh impetus to the idea of the 
worth-whileness of having a Washington Embassy for American 
engineers and engineering and resulted not only in a rededication on 
the part of friends of the movement to its deeper purposes, but also 
the realignment of many who had earlier misunderstood and had been 
either lukewarm or unacquainted with the purposes of the Council. 
Substantial evidence of renewed interest in the opportunity for the 
Council was manifested in the fact that each of the three organiza- 
tions, The American Society of Mechanical Engineers, the American 
Institute of Electrical Engineers, and the American Society of Civil 
Engineers rallied to the support of the Council by increasing ma- 
terially their respective contributions for the year 1934. 

In order to maintain the spirit of renewed interest in the Council 
and to avoid further misunderstanding of its work, three definite 
lines of action are being carried out to open up avenues for more 
sympathetic understanding of its activities: 

(1) The executive secretary meets at regular intervals with the 
editors of the principal technical journals in New York and has 
received from them definite offers of cooperation in regard to re- 
stating and forwarding the aims of the Council. 

(2) Upon the invitation of Mr. Flinn, Director of the Engineering 
Foundation, the executive secretary attends the monthly meetings 
of the secretaries of the Founder Societies, at which time there are 
discussions of the common purpose and finding ways to give expression 
to Council activities through the columns of the journals of the 
Founder Societies. 

(3) An informal news letter is sent out monthly to all past and 
present member-organizations of the Council, to members of the 
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Assembly, and to interested individuals, acquainting them with its 
activities. 

Further evidence of the cooperation of the press is shown in the 
courtesy of several editors of technical journals who send compli- 
mentary subscriptions to the executive secretary of the Council in 
order that he may follow the editorial comment on various National 
activities of interest to engineers and engineering. 

Of the 20 standing and special committees continued by the 
Council for 1934, the following have had assignments upon which 
reports will be received before the end of the year: Membership 
and Representation, Administration of Public Works, Communica- 
tions, Flood Control, Patents, and Telephone Directory Classification 
of Engineers. 

In addition, the Committee on Air Transport Services Overseas 
has been reorganized and enlarged, and is now known as the Com- 
mittee on Aeronautics. Because of the general interest in the sub- 
ject of aviation in the United States today, the Committee is giving 
consideration to such problems as: 

(1) The effect of legislation on aeronautical engineering and 
aeronautical development in the Government services. 

(2) The development of exact information with regard to techni- 
cal and engineering superiority of American commercial airplane 
development. 

(3) The relation of universities to development of aeronautical 
research with special reference to coordination of efforts of the 
National Advisory Committee on Aeronautics and the development 
of research by the universities. 

Shortly after its appointment by President Roosevelt, the Federal 
Aviation Commission extended an invitation to the Council to assist 
the Commission in assembling information and facts that would lead 
to the submission of a constructive and satisfactory report to Con- 
gress regarding aviation in the United States. The Committee on 
Aeronautics is at work on the request of the Commission. 

Because of the inability of several state and local societies to 
become definitely affiliated with the Council under existing regula- 
tions, a Committee on Membership has been organized, under the 
chairmanship of C. O. Bickelhaupt, which it is hoped will be able 
to devise a form of membership in the Council which will permit 
state and local engineering societies to relate themselves to its ac- 
tivities on some organized basis. This, they have found is im- 
possible to do under any of the present plans through which engineer- 
ing organizations can associate themselves with the Council. 

The Council has maintained its contacts with the following ac- 
tivities through the medium of representatives: Aeronautical 
Radio Research, a liaison committee of the Department of Com- 
merce; Advisory Council of the Federal Board of Surveys and Maps; 
Museum of Science and Industry, Chicago; National Bureau of 
Economic Research; Purdue Research Foundation; Washington- 
Potomac Canal, Committee of Ten. Council also had representa- 
tives participate in the recent Fourth Conference on Street and 
Highway Safety and the later Conference on Appraisal Practises, 
held under the auspices of the Chamber of Commerce of the U. S. A. 

The office of the executive secretary has had an exceptionally busy 
year. It has made it a point to work closely with member-organiza- 
tions on subjects of especial interest to each. Some of the more 
important of these activities relate to: 


(a) Securing an amendment to the Securities Act of 1933 which 
would lessen the severity of the civil-liabilities clause 

(6) The work of the Durable-Goods Industry Committee. 

(c) Stimulation of Capital Goods Expenditures. 

(d) Endeavoring to secure an equitable rating for engineers and 
architects employed on Federal Buildings. 

(e) Obtaining additional appropriations for an enlarged program 
of Public Works. 

(f) Seeking funds either by direct appropriation of Congress or 
through PWA allotment which would permit continuation of the 
Council’s surveying and mapping program that would give employ- 
ment to thousands of engineers for a period of two years. 

(9) Securing restoration of funds in the Department of Agricul- 
ture’s Appropriation Bill for 1935 for farm-irrigation research. 

(h) Enactment of the Taylor Grazing bill. 

(t) Seeking ways and means to stimulate the construction in- 
dustry. 


In general, questions of Government reorganization affecting 
engineers and engineers’ questions of Federal appropriations for 
CWA and PWA and their allocation, questions of personnel needs 
for both present and future governmental activities, questions of 
renewal of appropriations for certain types of Government service 
which the Council has in earlier years sponsored, questions concern- 
ing NRA relations to the Capital Good Industries, the relation of 
engineers in State and Federal organizations to the CWA and PWA, 
discussions of competition of Government with private engineering 
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work, and the establishment of the principal difference between ae 
payment for relief and the plans of compensation for supervision and 7 Eee 
counsel, all these have received specific attention from many different ie 
angles. 

Cooperation with Governmental agencies has been a daily oc- © 
currence. Upon request, the Council has recommended the names 
of qualified engineers for specific tasks for the Federal Power Com- 
mission on its Power and Rate Surveys, respectively; for the Pro- a 
curement Division of the Treasury Department on its new building ae aig 
program; to the Division of Housing of the Public Works Adminis- : 
tration, and to the Home Owners Loan Corporation for regional oe 
supervisors. Names supplied were accompanied by biographies. 

The Council is also frequently called upon to supply the biographies — 
of men who have been recommended for specific assignments by © : 
other sources. 

Cooperation with the Governmental agencies has other phases. By 
Reference has been made to the work with the Federal Aviation 
Commission. 

Upon the request of the Committee on Mapping Services of the : ie 
Science Advisory Board, the Council supplied detailed material in — y. 
support of the establishment of a Bureau of Surveys and Maps : 
within the Federal Government. 

In compliance with a request from Secretary of Commerce Roper, 
the Council prepared, for the use of a committee appointed by him | 
to study the Patent Office, a statement carrying recommendations | 
which it was believed would improve the Patent-Office practise, — 
service, and efficiency. 

This report would be incomplete without reference to the Coun- 3 
cil’s new member, the Association of Consulting Management 
Engineers, Inc., whose application for membership was approved 7 
in June, 1934. 

Looking ahead to the Council’s program for 1935, the executive : 

secretary presented to the executive committee, at its June meeting, 
a program of objectives for the Council under which it is hoped to 
crystallize and formulate its activities in such a way as to make for 
a wider acceptance of its essential character and services. The 
objectives include: 

(a) A Washington Embassy with all its implications. 

(b) The raising of the prestige and purpose of engineers in the 
public mind through the development of an organized program of 
public education. 

(c) The clarification of the engineering-economic purposes of the 
Council, breaking the subject down into sections in such a way that 
we can ‘‘put handles” on our ideas and get them over to the Council’s 
constituencies as well as to the public. 

The program was heartily approved by the Executive Committee 
and action was recommended to see what could be done toward secur- 
ing money for its support from the member-organizations. 

That the engineer has a definite place to fill in the Nation’s affairs 
is no longer a fact that needs demonstration. His balanved point 
of view on such questions as national planning, the passing upon the 
character of loans for enterprise, both public and private, the estab- 
lishment of fact finding as a basis for judgment on national policy, 
all are receiving increasing recognition. The problem now is to 
what extent can he avail himself of his opportunities. 

The Washington Embassy of Engineers and Engineering holds 
an enviable place in the affairs at the Nation’s Capital. Its oppor- 
tunities for service to the Engineer and to the Public are legion. 
With the support of the Engineering Profession and a budget com- 
mensurate with its potential field of activity the extent of its logical 
accomplishment is almost unlimited. 


Respectfully submitted, 
Paut Dory, Chairman 
L. P. ALrorD 
R. E. FLANDERS : 
te A. A. Porrer 
J. W. Rok (alternate) 


AMERICAN STANDARDS ASSOCIATION! 


On Dec. 13, 1933, the American Standards Association held its 
Annual Joint Meeting of the Board of Directors and Standards 
Council. Howard A. Coonley was reelected president, and J. C. 
Irwin, valuation engineer, Boston & Albany Railroad, representing 
the Engineering Division of the American Railway Association, 
on the Standards Council, was elected chairman of the latter body, | 


1 See report of A.S.M.E. Standing Committee on Standardization — 
page RI-47, for which the Society is a sponsor. 4 abe es See 
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to succeed Cloyd M. Chapman who was not eligible for reelection. 

In the spring of 1934 a campaign to obtain more adequate financial 
support of the A.S.A. work from the mechanical industries was 
launched by a joint effort of the A.S.M.E. and the A.S.A. Col. 
Paul Doty and Mr. Coonley, as presidents of the two organizations, 
respectively, invited a number of industrial executives to join with 
them in the organization of a Mechanical Industries Committee for 
the purpose mentioned. The invitation was accepted by some 
twenty executives and C. R. Burt, president of the Pratt & Whitney 
Co., who represents the National Machine Tool Builders’ Associa- 
tion on the A.S.A. Board of Directors, accepted the chairmanship. 
The committee held a meeting in New York in May, 1934, where 
the members discussed the method of approach to their respective 
groups. 

Since Oct. 1, 1933, the American Institute of Bolt, Nut and Rivet 
Manufacturers, the American Petroleum Institute, the National 
Association of Master Plumbers of the U. S., and the American Iron 
and Steel Institute, have become member-bodies of the A.S.A. 
Among the new associate members are the American Water Works 
Association, the Grinding Wheel Manufacturers’ Association, the 
Illuminating Engineering Society, and the Society of Motion Picture 
Engineers. 

Eleven new projects have been started under A.S.A. procedure 
during the past twelve months. None of them, however, are in the 
mechanical field. Within the same period, 25 completed standards 
were approved as American Standards. These additions bring the 
total number of standards approved by the A.S.A. up to 271, of which 
58 are in the mechanical field. Among the latter, an important item 
is a group of nine American Standard specifications for wrought- 
iron and steel pipe. 

On Sept. 1, 1934, the A.S.A. consisted of 43 member-bodies and 
associate members, comprising 13 technical societies, 22 trade as- 
sociations, and eight Federal Government departments. In addition, 
the A.S.A. has 1233 company members, i.e., companies giving 
financial support to its work. About six hundred organizations 
are listed as ‘‘cooperating bodies,’’ namely, those who are taking 
part in the work of sectional committees organized under A.S.A. 
procedure. 


Respectfully submitted, 


W. Spicer, A.S.M.E. Representative. 


THE ENGINEERING FOUNDATION 


The Foundation functions chiefly in assisting, by the appropriation 
of funds or in other ways, specific researches organized and directed 
individually or jointly by the Founder Societies. 

The resources at the command of the Foundation are small in 
comparison with the needs and possibilities. It functions on a 
budget of approximately $50,000 per year, which includes adminis- 
tration, office, and publication expenses, grants to research projects, 
and reserve for contingencies. The total book value of the Founda- 
tion’s endowment security as of August, 1934, was approximately 
$880,000. There is an additional amount of about $400,000 that 
eventually will come to the Foundation by the wills of two living 
beneficiaries. 

Each year there are presented to the Engineering Foundation Board 
requests for assistance to many more research projects than the Board 
can authorize, even though many of them are of great merit. There 
follows a list of the important investigations which the Foundation 
has aided during the last year by appropriations and the services of 
its office. The direct appropriations totaled $23,000, approxi- 
mately. 

Mechanical Engineering (A.S.M.E. sponsor), effect of temperature 
on the properties of metals, cutting of metals, wire rope, riveted 
joints, thermal properties of steam and mechanical springs. The 
progress made in these projects is described in the preceding report 
of the A.S.M.E. Research Committee. 

Civil Engineering (Am.Soc.C.E. sponsor), arch dams, concrete 
arches, earths and foundations, plastic flow of concrete and steel 
columns. 

Mining and Metallurgical Engineering (A.I.M.E. sponsor), baro- 
dynamics (formerly mining and strata research) and alloys of iron. 

Electrical Engineering (A.I.E.E. sponsor), welding; pure iron elec- 
trodes and nitrogen in welds. 

General, engineering education, transport research, Engineers’ 
Council for Professional Development, Engineering Societies Library, 
Coordination Committee of Engineering Societies, Engineering 
Index, Personnel Research Federation. 

Incidental Services, in addition to the work done under the fore- 
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going headings, many incidental services have been rendered to 
organizations and individuals by the Foundation’s office. The 
intangible results of these efforts may well be as valuable as the 
reportable accomplishments of the formal activities. 

Every endeavor is made to make the resources of the Foundation 
reach as far as practicable, but owing to the great number of demands 
no large amount can be expended for any one undertaking. Many 
of the projects are financed by contributions from individuals and 
industries. 


Respectfully submitted, 


E. R. Fisxu 
A. E. 


A.S.M.E. Representatives. 
W. H. Futweiver 


ENGINEERING SOCIETIES EMPLOYMENT SERVICE 

The Engineering Societies Employment Service, a joint activity 
conducted by the Four National Societies, helped 828 members of 
these Societies to obtain positions. Three hundred and eighty-six of 
these positions were filled by members of the A.S.M_E., although five 
hundred and sixty-two members of the A.S.M.E. registered during 
the year for employment. 

The Employment Service maintains three offices, in New York, 
Chicago, and San Francisco. Each of these offices has affiliated 
with it certain sister societies whose memberships also are served. 
In New York, the Society of Naval Architects; in Chicago, the 
Western Society of Engineers; and in San Francisco, the California 
Section of The American Chemical Society and the Engineers’ Club 
of San Francisco. Whenever it is impossible to fill a position from 
the membership of any of the participating organizations after 
investigation the opportunities are brought to the attention of non- 
members. 

In New York, in addition to the permanent service there has been 
functioning during the last three years a separate organization, 
an emergency committee, known as the Professional Engineers’ 
Committee on Unemployment.' This group has taken care of 
engineers, both members and non-members. The number assisted 
is not included in the statistics given above. The number of non- 
members served by the E.S.E.S. has been limited. However, in 
Chicago where there has been no organization similar to the P.E.C.U. 
the placement of non-members in welfare positions, including a large 
number of CWA men, has been carried on by the Chicago office 
of the E.S.E.S. 

Respectfully submitted, 
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W. Rice, A.8.M.E. Representative. 


ENGINEERS’ NATIONAL RELIEF FUND 


From Sept. 12, 1933, to Aug. 15, 1934, the Board of Direction of 
the Engineers’ National Relief Fund considered and acted upon 25 
applications for loans. Of these cases ten were those of A.S.M.E. 
members; seven, Am.Soc.C.E. members; three A.I.E.E. members, 
and five, non-members. A total of $1515 was paid out of which 
$365 was returned during this time. 

Except in extreme and exceptionally worthy cases, the Loan Fund 
was available only to members of the four National Societies or to 
members of local societies with which the Local Sections of the 
four National Societies are affiliated. It was understood that the 
loan was to be on the basis of a revolving fund, made for the briefest 
possible period consistent with providing an emergency service. 
The basis for this policy was to have the fund circulating to the 
greatest extent. Assistance to engineers in dire distress was generally 
determined by a study of answers to a group of questions, which 
answers wherever possible were furnished as a result of | 


by local organizations. ay 


G. Atwoop (AM. Soc. E. ), Chairman 
Lanpon F. Stroset (A.1.M.E.) 
E. B. Meyer (A.LE.E.) 
W. W. Macon (A.S.M.E.) 
Ernest Hartrorp, Secretary. 
1A separate report of this organization has been received. It is 
on file at headquarters and will be embodied in the report of the 
Secretary to the A.S.M.E. Council. 
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ENGINEERS’ COUNCIL FOR PROFESSIONAL 
DEVELOPMENT 


On Oct. 10, 1933, the Engineers’ Council for Professional De- 
velopment completed its formal organization and adopted three 
specific recommendations: (1) That the bodies participating in 
E.C.P.D. authorize the establishment of E.C.P.D. as an accrediting 
agency for schools of engineering; (2) that the participating bodies 
approve a statement of the minimum qualifications for an engineer; 
and (3) that the participating bodies adopt the designations and 
specifications for standard grades of membership recommended by 
E.C.P.D. 

Since that time, six of seven participating bodies have approved 
the recommendation that E.C.P.D. be established as an accrediting 
agency for schools of engineering. The Committee on Engineering 
Schools has proceeded with its work and in the fall of 1934 steps will 
be taken for the actual accrediting of a number of schools. Two 
societies, the A.S.M.E. and our own have approved the minimum 
definition of an engineer and have approved the standard grades in 
principle. Constitutional changes embodying these principles are 
being formulated for public discussion and presentation to our 
membership. 

The work of the E.C.P.D. is moving along four lines: (1) Educa- 
tional and vocational orientation of young men; (2) cooperation 
between the engineering profession and the engineering schools; 
(3) further personal and professional development of young engineer- 
ing graduates; and (4) establishment of suitable standards for pro- 
fessional recognition. 

The work of selecting and guiding young men who wish to enter 
engineering and the program to further the personal and professional 
development of the young engineer require the active cooperation of 
the bodies participating in the E.C.P.D. These activities require 
strong leadership in the various areas where there are groups of 
engineers and it is the function of the participating bodies to seek 
out these leaders and inspire them to effective activity. 


Respectfully submitted, 


C. F. Hirsarevp 
A.S.M.E. Representatives. 


J. H. LAWRENCE 
W. E. WicKENDEN 


JOINT AWARDS 


The A.S.M.E. participates in a number of joint awards. These 
follow together with brief statements giving the purpose of the 
awards, the participating bodies, the names of the A.S.M.E. repre- 
sentatives for 1933-1934, and the awards made between October 1, 
1933, and September 30, 1934. 

John Fritz Medal, for notable scientific or industrial achievement; 
Am.Soc.C.E., A.I.M.E., A.S.M.E., A.1.E.E.; W. L. Abbott, R. V. 
Wright, C. N. Lauer, A. A. Potter. Award for 1934 to John R. 
Freeman. 

Gantt Gold Medal, for distinguished achievement in industrial 
management as a service to the community; Institute of Manage- 
ment, Management Division of A.S.M.E.; J. W. Nickerson, Jos. 
W. Roe, David B. Porter. Awards for 1934 to Wallace Clark and 
Horace Cheney. 

Daniel Guggenheim Medal, for notable achievement in advance- 
ment of aeronautics; A.S.M.E., S.A.E., Canada, England, France, 
Germany, Holland, Italy, Japan; H. I. Cone, Porter H. Adams, 
E. E. Aldrin, B. M. Woods. Award for 1934 to William Edward 
Boving. 

Herbert Hoover Medal, for distinguished public service; Am.Soc. 
C.E.; A.I.M.E., A.S.M.E., A.I.E.E.; Ambrose Swasey, Calvin W. 
Rice, C. N. Lauer. No award. 

Alfred Nobel Prize, for most meritorious technical paper published 
by participating societies: Am.Soc.C.E., A.I.M.E., A.S.M.E., 
A.LE.E., Western Society of Engineers; Arthur M. Greene, Jr. 
Award tor 1933 to Claude Maxwell Stanley, Jr. 

Washington Award, for advancing human progress through engi- 
neering; Am.Soc.C.E., A.I.M.E., A.S.M.E., A.LE.E., Western 
Society of Engineers; Geo. F. Gebhardt, C. B. Nolte. No award. 


INTERNATIONAL MANAGEMENT CONGRESS 
COMMITTEE 
There is only one action of this Committee during the past year 


to be reported upon. The formation of the National Management 
Council called for the transfer of the work of the Committee to that 
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new body. Therefore, by act of the Committee all of its records 
and responsibilities were so transferred, and the Committee has asked 
for its discharge. 

Respectfully submitted, 


L. P. ALForpD \ 
W. L. Batt f A.S.M.E. Representatives. 
Catvin W. Rice 


NATIONAL MANAGEMENT COUNCIL 


The activities of the National Management Council during the 
current year have been as follows: 

(1) Cementing relationships of cooperative character among the 
constituent associations and societies. 

(2) Acting as a clearing house for constituent associations and 
societies in the matter of information concerning programs and 
dates of holding meetings. 

(3) Undertaking joint meetings where feasible as, for example, 
the meeting of this character which took place in Boston last February 
and at which the office management division of the American Man- 
agement Association and the National Office Management Associa- 
tion joined hands in conducting a successful conference at which the 
attendance, considering current conditions, was large. 

(4) Laying the basis for participation in the Sixth International 
Management Congress which will take place, in London, England, 
in July, 1935. 

(5) Miscellaneous but important discussions relative to strength- 
ening the management movement in various directions. 

The plans for the London Congress are progressing with the hope 
that the constituent associations and societies may be led to co- 
operate to such an extent that they will be adequately represented in 
London in 1935 by a variety of written contributions and a repre- 
sentative group of delegates. 


Respectf ully submitted, 


L. P. ALForpD 


J. R. SHEA 


> A.S.M.E. Representatives. 
C. W. LytTLe f 


NATIONAL RESEARCH COUNCIL 


DIVISION OF ENGINEERING AND INDUSTRIAL RESEARCH 


The work of the Division during the past year may be divided 
into four different types of activities, namely: Projects; activities 
relating to the Science Advisory Board; promotion of research; 
and the exploration of new fields of opportunity for the Division. 


PROJECTS 
The Division conducted meetings, published or arranged for the 
publication of reports and related papers or made grants to its High- 
way Research Board, Committees on Fundamental Research in 
Welding, Structural-Steel Welding, Welding Wire Specifications and 
to the American Bureau of Welding; Committees on Electrical 
Insulation and on Heat Transmission. 


SCIENCE ADVISORY BOARD 

The Division has cooperated with the Science Advisory Board 
in establishing relationships with officers of the National Recovery 
Administration and of the Department of Commerce. It is co- 
operating with the Bureau of Foreign and Domestic Commerce in 
an effort to obtain information on technological advances abroad. 
The Division is also studying the possibility of giving special en- 
couragement to the development of new industries based upon recent 
achievements of research. 

On the initiation of the Division, the Federal Coordinator of 
Transportation induced the Science Advisory Board to appoint a 
committee to study, in conjunction with the railroad management 
and the Federal Coordinator, the possibilities of extending cooperative 
research among the railroads. 


PROMOTION OF RESEARCH 


A report has been prepared on the returns from inquiries which 
the Division made by questionnaire of industrial firms in 1932 and 
again in the spring of 1933 to ascertain the effect which the depressed 
economic conditions of the last two years has had upon the research 
work carried on in industry. 

Some progress was made during the year in the preparation of the 
material needed by the Committee on Bridging the Gap Between 
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University and Industry in their survey of research facilities of 
engineering universities. 

The annual meeting of the Division in November was the occasion 
for a discussion between representatives of the Government and 
industry, of plans for bringing about a certain decentralization of 
industry which forms a part of the program of the Business Advisory 
and Planning Council of the Department of Commerce. The 
Division assisted the General Motors Corporation in the conduct of a 
dinner meeting in May for the discussion of the factors that have 
contributed to industrial progress in the United States and the 
immediate possibility of further industrial advancement through 
research. 


Respectfully submitted, 
D. S. Jacosus, Vice-Chairman, 
W. D. Ennis 
F. M. A.S.M.E. Representatives. 
W. R. WEBSTER 

Catvin W. Ex-Officio 


The United Engineering Trustees, Inc., has three departments, 
Administrative, Library, and Engineering Foundation. 

One major activity is the management of the Engineering Societies 
Building which is fully occupied by Founder Societies or associate 
societies who contribute to the maintenance of the building; and by 
joint activities of the Founder Societies. Two small space exceptions 
show promise of returning to a paying basis within a short time. 
The Trustees have recognized a necessity for making certain im- 
provements and have therefore appointed a Building Improvement 
Committee which has within the past summer, redecorated the fifth- 
floor assembly halls and lobby, replacing the old, worn-out chairs 
with new chairs of greater comfort; installed indirect lighting to 
eliminate the constantly criticized glare; 


UNITED ENGINEERING TRUSTEES, INC. 


and replaced dangerously worn carpets in the corridors; is in the 
process of redecorating the entrance hall and lobby; and has im- 
proved to some extent the ventilation for the meeting halls. These 
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has reupholstered the 
auditorium seats which were in many cases entirely worn through; —C/. 


necessary improvements add to the comfort and pleasure of those 
using the building and are expected to increase the use of the Halls. 

The Library has been used to a still greater extent by many 
unemployed engineers with time to study, and by industries who no 
longer maintain their own libraries. Notwithstanding this, Library 
hours and services have been somewhat curtailed by enforced reduc- 
tion of financial support. The Library Budget for 1934 remains 
to be adopted although the 1934 total is lower even than in 1933 by 
$4000. 


Funds administered by the Trustees have been maintained in 
book value to an encouraging degree, income having been received 
according to expectation. A few changes were made in securities 
as warranted by business conditions, and proved profitable. The 
Corporation continued as Treasurer for the Professional Engineers 
Committee on Unemployment. 

The Coordination Committee submitted its report to the Trustees 
simultaneously with reports to Founder Societies. The Trustees 
deferred expression of definite approval until action had been taken 
by the Founder Societies. 

A general revision of the By-Laws has been drawn which differs 
from current By-Laws only to include various amendments which 
have been passed, and to make them more useful under present-day 
conditions. These are in the possession of the Trustees and it is 
hoped that the next meeting of the Board will pass on this revision 
for transmittal to the Societies. 

Within the period of this report, the sudden death of the account- 
ant and building manager led to the inclusion of these offices under 
the new and broader title of general manager for which was selected 
John Arms, member of The American Society of Mechanical Engi- 
neers who subsequently was also elected secretary. Dr. Alfred D. 
Flinn has retired from the office of secretary after sixteen years 
service, but he continues as the Director of Engineering Foundation. 

Full statistical and detailed reports on the activities of the United 
Engineering Trustees, Inc., is presented to the Societies in the 
Annual Reports of the President and the General Manager in January 
of each year. 


Respectfully submitted, 


W. L. 
H. V. Cons 


\ asa .E. Representatives. 
D. Ropert YARNALL 
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interested in any rational program for national recovery 
from the stagnation of depreciated values which have 
blighted national prosperity during the past five years. 

The Society, in contradistinction to other professional engi- 
neering societies, has been termed the Society of the Industries, 
and its work is primarily with the durable-goods industries 
rather than with the consumer-goods industries. 

It is recognized that the consumer-goods industries are oper- 
ating at practically normal capacities. What is needed, there- 
fore, is to restore the purchase and use of durable goods, where 
the purchase and use is now at a low ebb. 

The mechanical engineer is professionally interested in aero- 
nauties, fuels, hydraulics, iron and steel, machine-shop practise, 
management of industries, materials-handling, oil and gas power, 
petroleum, power equipment, printing industries, railroads, 
textile machinery, wood industries, and process plants. 

Any national recovery program which will stimulate these 
professional divisions and activities, and put men and women 
back at work at their normal occupations, and restore prosperity 
to the durable-goods industries and to the nation, is assured of 
the interest of the mechanical engineer. 

To the engineer work means the overcoming of resistance, and 
if there be resistance to any program of national recovery, therein 
is the challenge to the engineer to carry the program to success. 

What will the mechanical engineer offer through the profes- 
sional divisions toward national recovery? In aeronautics, 
engines now make possible air flights of four hundred miles per 
hour with safety, and a speed of six hundred miles per hour is 
now contemplated. If speed will annihilate distance and save 
time, the engine to do the required work will be forthcoming. 


Tis American Society of Mechanical Engineers is vitally 


AERONAUTICAL ENGINEERING 


Aeronautics has been moving forward by leaps and bounds, 
as best illustrated, perhaps, by the recent England-to-Australia 
race. Great attention has been attracted in this race by the 
performance of the DeHaviland Comet which made the crossing 
in 72 hr of total time, more than 18 hr ahead of its nearest 
competitor. A more careful analysis of the race, however, shows 
that the second place, with a time of little more than over 90 hr, 
and the third place with a little longer time, were taken by 
American-built planes of the transcontinental-liner type carrying 
passengers and mail, and permitting regular commercial opera- 
tion, while the Comet was a specially built racing plane. 

Heretofore there have been only two makes of airplanes of 
the unconventional design; one, the pterodactyl, having no 
tail; and the autogiro, maintaining itself in the air by means 
of a “windmill” rather than a lifting component acting on 
stationary wings. 

The inventor of the autogiro, de la Cierva, started with wing- 
less planes, relying entirely on the windmill for lift. This design 
later was departed from, wings of a restricted capacity being 
introduced. Recently, however, because of a better knowledge 
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of the mechanism and rn of operation of the windmill, 
de la Cierva has gone back to his original design and has dis- 
pensed with the wings, producing an airplane capable of flying 
at a speed closely approaching an average man’s run. 

Unquestioned progress is being achieved in two other direc- 
tions. Florine, in France, appears to be approaching a practical 
solution of the helicopter problem and is apparently in line for 
building a helicopter that will fly. Whether there is room for 
such a machine in competition with other types of aircraft 
remains, of course, to be seen. 

In another field, that of creating a machine dispensing with 
the use of the propeller and employing its wings both as a lifting 
and « propulsion medium, progress is being made by several 
designers, most of whom are working along the line of rotating 
sets of wings by means of a special mechanism so that the axes 
of the wings follow a path approaching a cycloidal curve. If 
any of these machines (such as Chapdelaine, Strandgren, etc.) 
are ever fully developed, they will be capable of flying both 
forward and backward. This will bring the safety of flying to 
approximately the same level as the safety of automobiling, with 
corresponding increase in the use of aerial transportation. 


FUELS AND PowER 


In fuels the engineer sees a form of energy which may be 
converted into light, heat, and power, whether the fuel be 
solid, liquid, or gaseous. The conversion efficiency facter is the 
work of the engineer. The conservation of energy is the field of 
the engineer. 

Progress in the use of pulverized coal has been made, not only 
in the method of application but in better comprehension of the 
theory of combustion of that fuel, in the selection of suitable 
types of fuel, and in the development of burners and machinery 
for the preparation of the coal. 

Pulverized coal was first introduced in water-tube boilers. It 
has now, particularly in Great Britain, been successfully applied 
also to Lancashire boilers. This, it is said, has opened a wide 
field for the application of pulverized coal when burned at the 
mouth of the mine, where, for various reasons, water-tube boilers 
are not always considered to be suitable. 

National wealth is national prosperity. The potential water 
powers of the nation may become a source of national wealth 
with the application of hydraulic turbines. 

In addition to the water there are the air currents. The 
attempt to develop power from the wind at the experimental 
plant in New Jersey apparently has not yet reached the stage 
where a public announcement can be made. In The Nether- 
lands and in Russia, aerodynamic principles have been applied 
to the design of windmills, with the result that new types have 
been introduced which can operate on much lower wind 
speeds and are, therefore, capable of working practically 24 
hours a day. 

The comprehension of the process of combustion of Diesel- 
engine fuels has led to a grading of these fuels by ignitibility, 
showing the little suspected fact that the very characteristics 
which make a fuel especially suitable for engines such as are used 
in motor cars, make it undesirable for Diesel engines. 
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along several lines, one by increasing the size of units, which 
reduces the first cost per unit of capacity and the maintenance 
cost by requiring fewer crews. It may be that the limit for 
present equipment has been about reached. Another direction 
is to increase automaticity of the plant and thus decrease oper- 
ating costs without sacrificing efficiency. A third direction in 
which there is promise of progress is in the creation of entirely 
new sources of power, such as from atomic energy. This, how- 
ever, is as yet only in the earliest stages of laboratory develop- 
ment. 


MATERIALS OF ENGINEERING 


Progress has been made in the field of engineering materials. 
The so-called stainless or rustless steels, when tested under 
service conditions, were found to be corrodible, though to a very 
much lesser extent, of course, than plain steels. This condition 
is now fairly well understood, with the result that the conditions 
under which high-chromium steels do not stand up have been 
determined. Moreover, by the application of such additional 
materials as titanium, the intergranular corrosion of these 
steels has been inhibited and their field of usefulness greatly 
extended. 

Progress likewise has been made in tungsten carbide cutting 
materials. These have shown amazing capacities for per- 
formance on certain materials, such as cast iron, and at first 
failed on other materials, for example, steel, where they pro- 
duced “cratering,” leaving the machined surface very rough. 
Tantalum carbide cutting materials are not made by melting 
the constituents and casting them, but by preparing them in the 
form of a very fine powder and then sintering them under great 
pressure. This is due to the fact that, heretofore, no way of 
melting these extremely refractory materials has been found 
that would not destroy the carbide constituent. The manu- 
facture of tungsten carbide cutters has led to the development 
of the technique of powder metallurgy and this is having its 
applications in several new fields. 

Production of surface hardness in soft steel by means of nitrid- 
ing is, of course, well known. Lately, however, methods have 
been developed to apply it to iron castings made in sand and 
permanent molds, giving a very hard surface with the usual in- 
ternal formation of cast iron. 

A spectacular achievement in the field of engineering materials, 
however, is the use of beryllium in copper alloys, which appar- 
ently promises the solution of an age-old problem of making a 
copper alloy that will be as subject to hardening through heat- 
treatment as is steel. From present indications beryllium plays 
the same réle in copper alloys, though not in the same propor- 
tions, as carbon does in steel. 

Because of its application to the manufacture of springs and 
the promise of large demand if employed extensively for copper- 
hardenable alloys, great effort is being made to reduce the cost 
of the manufacture of beryllium both in this country and in 
Germany. There is no lack of raw materials for this manu- 


In the field of welding one of the spectacular achievements has 
been the introduction of shot-welding, in which unusually large 
current densities under accurate control are employed. This 
has permitted the construction of railway cars of a lower weight 
than apparently would have been otherwise possible. 

The application of welding first made on an extensive scale 
some years ago on the German pocket battleship Ersatz-Preussen 
has now been introduced in this country, cutting down the weight 
per horsepower surprisingly, i.e., from 45, and in some cases, 
60 lb to less than 20 lb. 
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MANAGEMENT AND PRODUCTION 


In the domain of the engineer lies the technique of production. 
Organizing for work will always be a fruitful field for engineering 
endeavor and is needed today as never before. The hard years 
of the depression have taught us much about waste and ineffi- 
ciency, and the technique we have learned will find abundant 
opportunity for constructive use as soon as factories begin to 
pick up their accustomed loads. This skill will be particularly 
necessary in the reconstruction period, when much must be 
regained with the expenditure of little. What Taylor and 
Gantt taught us of management, and what thousands of their 
followers have since developed, is quite as useful to an impover- 
ished industry as the skill of its artizans, or the desire of the world 
for its products. These things lie at the very basis of engineering 
philosophy, and have furnished the reasons for the promotion 
of engineers into managerial posts. 

With cheap and abundant power, and with our growing knowl- 
edge of chemistry and metallurgy, much progress has been made 
lately in materials. Examples of large and important industries 
based on such developments are evidence of the further impetus 
to recovery that can be given by engineers. Every new material 
of importance establishes a new industry and the basis for new 
articles and techniques. If it comes into competition with 
better known materials it forces advances in their technology, 
providing more opportunities for the services of engineers, and 
more jobs for workers. We can fight economic stagnation and 
defeatism by technological progress in these and allied lines. 


RAILROADS 


In railroads the use of alloy steels and light-weight materials 
have cut down weights in newest trains. Sweeping changes in 
standard railroad equipment may be made as a result of the 
recent successful use of these materials in high-speed railway 
transportation. This is believed to indicate a definite swing 
to the use of lighter, but stronger, metal in constructing equip- 
ment. 

Nine high-speed trains are now under construction in various 
shops. Three of these are being built of stainless steel; three of 
high-tensile, corrosion-resisting steel; one of high-tensile steel 
and aluminum; and two are being built entirely of aluminum. 

Replacement of obsolete or worn-out equipment has long been 
one of the most pressing problems of railroad executives. Esti- 
mates were recently made of the number of properly conditioned 
locomotives now available for use on the larger railroads which 
indicate that should there be an increase of 15 per cent in traffic, 
the carriers would have to call out every engine fit for use to meet 
the need. 

Modern locomotives are now of such efficient types that it is 
claimed they will pay for themselves in five years, and dividends 
which now go up in smoke may be reclaimed by the substitution 
of modern locomotives. The growth of air-conditioning has pro- 
vided a stimulant for recovery and machinery for improving 


passenger travel. 
INDUSTRIAL RECONDITIONING 

There is a governmental agency whose purpose is to stimulate 
the flow of private funds through private lending institutions 
into several kinds of building construction. 

The engineer knows the great importance of renovation and 
modernization. While for the moment the Federal Housing 
Administration and the Home Owners’ Loan Corporation are 
bending their energies toward home reconditioning, it is believed 
a rare opportunity exists to coordinate home reconditioning with 
industrial reconditioning. Fortunately, industries appreciate 
the necessity of keeping their properties in 100 per cent condition, 
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for in addition to expenditures for current maintenance and re- 
pair, which are operating expenses, a provision is made for de- 
preciation reserves for reconditioning. It may be said that the 
depreciation reserves are not always kept in the treasury of the 
industries as cash, but are used for other purposes incident to the 
needs of the industries. To do the work of reconditioning now 
may require the use of private credit, and, fortunately, private 
credit is available at low interest rates. In former depressions, 
the courageous investor was successful in taking advantage of 
low interest rates to buy when money was cheap, and property 
correspondingly below normal value. History will repeat itself. 
Not only is private credit available, but a governmental agency 
in the Reconstruction Finance Corporation will provide a supple- 
mentary source of credit. 

The Supreme Court of the United States has recently given 
a decision of much importance as related to the practise of de- 
preciation charges against earnings, and the Treasury Depart- 
ment has revised its regulations for allowable deductions in 
income tax returns for depreciation. It is distinetly to the 
advantage of industries to incur expenditures for the use of 
depreciation reserves for modernization. 

It is believed there are at least three billions of dollars of in- 
dustrial depreciation reserves which can be expended for new 
and improved equipment at the present time. Many examples 
can be given of the growth and amount of depreciation reserves 
in industry, and the important thing to remember is that now is 
the time to do this work, when it can be done to the best ad- 
vantage, and to the benefit of the nation. To give value to 
these expenditures is the challenge to the engineer, and par- 
ticularly the mechanical engineer as the engineer of in- 
dustry. 


Human NEEDs Exist 


Analysis shows that consumer-goods industries are not unduly 
depressed, and that is understandable, for consumer goods have 
worn out in the past five years and must be replaced of necessity. 
The unemployed are found in the capital-goods industries, and 
if we wait until the capital goods wear out before we begin 
replacement we shall have a long time to wait. It is distinetly 
to the credit of industry currently to set up depreciation reserves 
against the possible loss of property life, and to assume that they 
are payable on the death of the property, but rather are they 
not premiums to maintain the life of the property in good health 
and in 100 per cent condition of usefulness. Industry will not 
die while human needs exist. Human needs follow the growth 
of population and with an increase in population in excess of 
five millions in the past five years, the nation is not at a stand- 
still. Nature has bountifully supplied for the sustenance of 
human needs. The engineer provides the machinery for the 
comforts of living. 

The engineer has an understanding of the materials of nature, 
and the forces of nature to be applied for the benefit of mankind. 
May it not be added that there is an understanding of the laws 
of nature, and if it be true that “self-preservation is the first 
law of nature,” will not the use of depreciation reserves be an 
example of self-preservation, and the application of a natural 
law to recovery? 

If it be true that “‘self-preservation is the first law of nature” 
it may be added that “habit is nature’s second law.” It is 
getting to be a habit to call fora New Deal. This is true not only 
in industry but in our social relations. Not only must we meet 
the problenis of Society Engineering, but we are face to face 
with the New Deal in social engineering and nature’s law. May 
we not say natural laws are dictated by conscience and are dis- 
cerned by right reason? ‘The pursuit of life, liberty and happi- 
ness” js cited from the Declaration of Independence as an expres- 
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sion of a natural law. It is generally accepted that human 
nature is still in the saddle, and unsound public economy is an 
evidence of the weakness of human nature. I believe that in our 
political economic relations nature’s laws are against communism 
and in favor of private property on the ground of watchfulness 
and attention which self-interest produces in the. conduct of 
business, for that is natural. In return for the use of private 
property for the public good, due compensation must of necessity 
be provided. 
THE CHALLENGE TO THE ENGINEER 

Engineers realize that there is a scientific method of approach 
in acquiring systematic knowledge. We believe there are two 
types of approach—the technical and the logical. Whereas we 
know by the evidence of sight the ultimate agency for which 
machinery is intended, the ultimate agency for the machinery 
of nature is concealed from sight; but is it not the work of the 
engineer and scientist to rise from the visible to the invisible— 
from what we observe by sense to what we know by reason? 

The mechanical engineer will reestablish himself as the pro- 
ducer of wealth, the enemy of waste and inefficiency, the labor 
saver, the skilled operator of the machinery of modern living, 
the manager of industrial enterprises, and the provider of jobs 
and opportunity. He will prove the falseness of accusations 
that make him responsible for the world’s ills by upsetting its 
economic and social balance, and he will overwhelm the de- 
featists who rank security above opportunity. This he will do 
by making opportunity more alluring than security. ai 


As a Society we have set our financial house in order, a neces- 
sary prelude to any economic recovery. We have been engaged 
in a searching study of our objectives, our organization, and our 
program, with the intention of giving greater effectiveness to 
our work as a professional society. We have extended our rela- 
tions with the engineering schools and have thus provided an 
easier approach to the engineering profession for the younger 
man, and a more sympathetic and closer contact with him. 
In cooperation with others we have established and are at 
present actively supporting the Engineers’ Council for Profes- 
sional Development, a coordination of organized effects to © 
assume a higher type of professional engineer, and to secure for _ 
the engineer a better educational approach to his profession — 
and an individual status economically and socially more desir- 
able. We have helped to sustain the important activities of 
the American Engineering Council, which is the established 
embassy of engineering at Washington. 

These thoughts have been designed to provoke in the minds 
of engineers a sense of the ungrasped opportunities that lie 
ahead and to provide inspiration for effective participation in 
national recovery. They call for supporting evidence that this 
Society and others similar to it in purpose are engaged in activi- 
ties directed toward the end suggested. Such evidence will be 
found in the technical papers being presented at this meeting, 
and in the reports of progress prepared by our Professional 
Divisions. Summaries of these papers and reports cannot be 
attempted here. Further evidence is to be found in the constant 
work of our technical committees engaged in establishing indus- 
trial standards, in formulating codes of practise, testing, con- 
struction and safety, and in the stimulation of technological 
progress by our research groups. 

The message I bring to you is one of faith in the profession 
of engineering. Is there waste in industry? Depend upon the 
engineer to make the analysis and the study to eliminate waste _ 
in industry. Are profits going to waste in smoke? Depend 
upon the engineer to reduce this waste. The engineer believes __ 
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in society and cooperation. The American Society of Mechani- 
cal Engineers is evidence of this belief. Here we give freely of 
our time and our talents for the greatest good to the greatest 
number. The engineer has met and is meeting the challenge 
of usefulness for the benefit of mankind. 
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Believing in cooperation, the mechanical engineer challenges 
the courageous leaders of industry and appeals to the far-sighted 
investor of faith to take advantage now of the far-reaching 
possibilities of industrial reconditioning as a means of recovery 
of national welfare. 
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